American 


Journal of Science 


Established in 1818 by Benjamin Silliman 


EDITORS 
JOHN RODGERS—JOSEPH T. GREGORY 


ASSOCIATE EDITORS 


GEORGE GAYLORD SIMPSON A. F, BUDDINGTON 
CAMBRIDGE, MASS, PRINCETON, N, J. 


CARL O. DUNBAR MATT WALTON 

HENRY MARGENAU RICHARD F, FLINT 

HORACE WINCHELL HAROLD G, CASSIDY 

EDWARD S. DEEVEY, JR. G. EVELYN HUTCHINSON 
NEW HAVEN, CONN. 


WILMOT H, BRADLEY PHILIP H, ABELSON 
WASHINGTON, D, C. 

LEASON H. ADAMS HOWEL WILLIAMS 

LOS ANGELES, CALIF. BERKELEY, CALIF. 


C. R. LONGWELL ADOLPH KNOPF 
PALO ALTO, CALIF. STANFORD, CALIF. 


FREDERICK J. ALCOCK CECIL E. TILLEY 
OTTAWA, CANADA CAMBRIDGE, ENGLAND 


STERLING TOWER 
YALE UNIVERSITY 
NEW HAVEN, CONNECTICUT 


Published 10 times a year. Ten dollars a year. One dollar twenty-five cents a copy. 
Foreign, ten dollars sixty cents. Canada, ten dollars thirty-five cents. 


ll 
Voi. 258 MAY 1960 No. 5 
| 
| 
f 
{ 
if 
1] 
| 
BS | 
+ 
| } 
| | 
{ 
| 


AMERICAN JOURNAL OF SCIENCE 
Established in 1818 by Benjamin Silliman 
THE FIRST SCIENTIFIC JOURNAL IN THE 

UNITED STATES 


DEVOTED TO THE GEOLOGICAL SCIENCES 
AND TO RELATED FIELDS 


Editors: Joun Roncers—Josera T, Garcory 
Managing Editor: Beta A, 


Act of March 3, 1879, Published vy except July and September, at Sterling 
Tower, Yale University, New Haven, Conn. 


Subscription rate $10 year ($1.25 a number), Student rate $5 year 
(application blanks available on request). Postage prepaid to the States ; 
35 cents per year to Canada; 60 cents per year elsew. 

The Jounnat completed its first series of 50 volumes in 1845, its second series of 
50 volumes in 1870, its third series of 50 volumes in 1895, its fourth series of 50 
volumes in 1920, its f/th series of 36 volumes in 1938, Since 1938 the numbering 
by series has been discontinued, and volumes are annual and bear the whole numbers 
as of 1818, that for 1939 being volume 237. 


Back numbers and volumes, 


microcard form, from T 


INSTRUCTIONS T® CONTRIBUTORS 
Typeseripts of articles submitted should be doub should follow the recom- 
mendations in the pamphlet Suggestions to Authors, Sth ed. (see pees and should 
be preceded by brief abstracts. They should be checked with special care before being 
submitted, to avoid changes in proof other than printer’s errors. 


References to literature should be listed al; ly by authors at the end of 
the article; all references should be complete, For articles in or other serial 

lications, the reference should give in order: Author's name, year of ication, 

title: name of periodical or series, ome number, inclusive pages. For books or 
other unnumbered publications, it should : Author's name, years of a 
full title: place of publication, publisher. bis foo follows the recommendations in 
the phiet “Abbreviations used in aleetions of the U, S, Geological Survey”, 
which is also the standard used for abbreviating names of periodicals, etc, Citations 
within an article should be to author and year, with specific pages wherever appropriate. 


Plates (photographs), es (line drawings), and footnotes — each be num- 
bered consecutively thro each article, using ‘erabic numerals, If two photographs 


Illustrations should be neat and legible and should include lanations of sym- 
bols used. Copy that cannot be reproduced cannot be accepted. pte Ay 


at least 1/16th inch high after reduction, When n , one large ma le can 
be accepted, if it will not exceed 7 inches in wi width reduction. Ss Sentnes 
should be in black India ink on white drawing board, tracing cloth, or coordinate 


ted in blue. Photographs should “7 tive glossy prints, Photostatie and 
material cannot be accepted as copy 


of cost and without ious notice from him; these will be without a 
i at cost, which will of course be 


ed. Washington, D. C., 1 


of the United States Geological Sur- 
(Government Printing Office, $1.75). 


™ 
: 
a 
of ll seen, may with fon 
ex fice of the JouanaL or Science, Sterli 
\ 
o. greater if the article is accompanied by plates involv unusual expense, Copies oe 
“_ will be furnished with a printed cover giving the author, volume, page, hee 
sos 
vey, 9 


[AMERICAN JOURNAL OF Science, VoL, 258, May 1960, P. 305-340] 


American Journal of Science 


MAY 1960 


PLEISTOCENE GLACIATION IN THE TRINITY ALPS 
OF NORTHERN CALIFORNIA* 


ROBERT P. SHARP 


Division of Geological Sciences, California Institute of Technology, Pasadena 


ABSTRACT. The glacial sequence of the Trinity Alps has good development, significant 
location, and value as a reference datum for other Pleistocene events. The principal glacial 
episodes identified are Late (Morris Meadow), Middle (Rush Creek), Early (Alpine 
Lake) and Ancient (Swift Creek). The three youngest are judged Wisconsin, the oldest 
pre-Wisconsin. Other evidence suggests possibly still older glaciations, and youthful 
moraines at high elevations may be Neoglacial (post-Hypsithermal). 

During the Late (Morris Meadow) glaciation the Trinity Alps contained at least 30 
valley glaciers, Maximum lengths and lowest elevations attained are: Late, 7.8 miles and 
3350 feet; Middle, 9.3 miles and 2800 feet; Early, 11.3 miles and 2500 feet; Ancient, 13.7 
miles and 2450 feet. Length was more variable than terminal elevation. 

Where the glacial detritus was derived largely from serpentine, numerous debris flows 
extended down-valley from glacier snouts. Deposits of flow debris, almost indistinguishable 
from till, complicate interpretation of glacial relations on lower Deer and Swift creeks, 

The rock floors of stream terraces, well exposed in abandoned placer workings along 
Canyon Creek, lie at 10, 20, 40, 90, 160 and 300 feet above the stream, Direct tracing to 
terminal-moraine positions suggests that the 10-, 20- and 40-foot rock-terrace levels are 
chronologically, but perhaps not genetically, related to the Late, Middle, and Early phases 
of Wisconsin glaciation. The 90-foot terrace may be a time-equivalent of the Ancient 
glaciation (pre-Wisconsin), and the 160- and 300-foot terrace could be chronologically 
related to still earlier Pleistocene glaciations. 

In the high country, carapaces of ice formed on sloping valley walls above the level of 
the ice streams partly filling the valleys. Two vestigial glacierets remain at elevations of 
8200-8400 feet on the north side of the Thompson Peak ridge. Wisconsin orographic snow- 
line lay at 6500 feet, climatic snowline at about 8000 feet. Corresponding figures for the 
present are judged to be about 7500 and 9000 feet. Wisconsin orographic snowline rose 
inland 18 feet per mile judging from data obtained on Mt. Lassen, 85 miles to the east- 
southeast, 


INTRODUCTION 

The Pleistocene glaciation of the Trinity Alps was studied for the follow- 
ing reasons: (1) The location is intermediate between coastal and interior en- 
vironments and midway between the two major glaciated ranges of far-western 
United States, the Cascades and Sierra Nevada, (2) Although glaciation has 
long been known in this area (Hershey, 1900), no detailed investigation of it 
had been made. The nearest well-studied sequence lies 300 miles to the south- 
east (Blackwelder, 1931; Matthes, 1930; and Birman, 1954, 1957). Evidence 
of glaciation has been reported in nearby parts of the Coast Range (Davis, 
1958) and in the Siskiyou Range to the northwest (Maxson, 1933, p, 128). 
(3) Preliminary reports (Hershey, 1900, 1903b) suggested that Pleistocene 
glaciers in the Trinity Alps were of such number and size as to have left a 
good record, (4) The possibility of tracing and correlating stream-terraces 
along the relatively large, long rivers draining from the Trinity Alps, offered 
a hope of extending the glacial chronology into the surrounding country, (5) 


* Contribution No, 931, Division of Geological Sciences, California Institute of Technology, 
Pasadena, California. 
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lt appeared that a moraine—>stream terrace—marine terrace correlation might 
establish a chronological relation between mountain glaciation and West Coast 
Pleistocene marine history. 

The procedure followed in this paper is to present basic data by means of 
maps and tabulations, Highlights and significant points are summarized, and 
matters of special interest are discussed, Mapping of glaciated sites within the 
limits of the Trinity Alps is reasonably complete. Some small, remote areas of 
possible glaciation, for example the headwaters of the East Fork of the North 
Fork of Trinity River. have not been visited. No attempt has been made to ex- 
tend the study into obviously glaciated neighboring regions such as the north- 
side tributaries of Coffee Creek. the Etna area. and the country east of upper 
Trinity River. 

A start on the problem was made by one month of field work in 1950, 
followed by two months in 1955 and one month in 1956. 


PHYSICAL SETTING 

The Trinity Alps comprise a small but striking area of alpine terrain 
(plate 3) in the southern part of the rugged Klamath Mountains of northern 
California (inset fig. 1). The core of the “Alps” has many jagged peaks, nar- 
row ridges, cirques, lakes. U-shaped canyons, bedrock steps, waterfalls, areas 
of ice-scoured bedrock. meadows. perennial snow banks, and two glacierets 
(plate 3). Thompson Peak at 8936 feet is the highest point. lowest elevations 
are between 2000 and 2500 feet. and maximum local relief is about 4000 feet. 

Drainage of the area is almost entirely through tributaries of the Trinity 
River. the few exceptions lying in the headwaters of the South Fork of Salmon 
River, The Trinity and the Salmon are major branches of the Klamath, and the 
upper Trinity encircles the “Alps” on the northeast, east, and south sides, 

The perimeter of the “Alps” is accessible through a network of mountain 
roads, and the high country is reached by converging trails, Weaverville is the 
only nearby town of much size: smaller settlements include Helena, Junction 
City. Dedrick, Minersville. Trinity Center. Carrville. and Cecilville. 

About two-thirds of the area studied is covered by excellent modern topo- 
graphic maps at a 1 62.500 scale, specifically the Helena (1951), Minersville 
(1950) and Schell Mountain (1952) quadrangles. The remainder appears on 
the Etna (1934) and Sawyers Bar (1923) quadrangles at a scale of 1/125.000. 
Good vertical air photographs taken in 1944 are available from the U, S. 
Forest Service in San Francisco. 


BEDROCK RELATIONS 
Much of the bedrock has not been mapped in detail, but major units are 
known from an early report by Hershey (1901). later work of Hinds (1932. 
1935, 1935, 1940), and a recent study by Cox (1956). Formations of principal 
interest to glaciation are listed in table 1, Other recognized units including the 
Copley meta-andesite, Bragdon formation, and some Eocene sedimentary rocks 
are peripheral to the principal glaciated areas. 


The areal distribution of bedrock units is fortunate. The high core of the 


“Alps”. from which glaciers flowed, consists chiefly of stocks of quartz diorite, 
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Fig. 1. Location of Trinity Alps and terminal position of Trinity Alps glaciers. 


vranodiorite, and quartz monzonite'. The glaciers carried detritus from these 
relatively light-colored, easily identified intrusive bodies onto the surrounding 


For sake of brevity these intrusive rocks will be referred to as dioritic. 
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terrane of dark-colored metamorphic rocks. The color and lithologie contrast 
greatly facilitated identification and mapping of glacial deposits, Many of the 
stocks are individually distinctive, and the exact source of glacial material can 
he defined. Associated aplite and lamprophyre dikes also provide local distine- 
tive indicators, Although some of the stocks may be composite, they nonethe- 
less yield a relatively homogeneous type of detritus that affords a good medium 
for comparisons of weathering undergone by glacial deposits of different age. 


TABLE 


Principal bedrock units in Trinity Alps significant to the glacial geology 


Principal areas of 


Age Unit Lithology exposure 
Late Jurassic Dioritie stocks Small stocks of quartz In central core of 
or diorite, granodiorite, lrinity Alps 
Early Cretaceous and quartz monzonite 
Late Paleozoic (7) Serpentine Serpentinized massive Between Stuart Fork 
intrusive peridotite, and upper Trinity 
locally sheared River, on Deer and 


Swift creeks 


Carboniferous Chanchelulla Meta-chert with green- North Fork of Trinity 
(Pennsylvanian) formation stone lenses, thin- River 
bedded; thick beds 
of blue-gray marble: 
minor beds of slate 
and quartzite 


Paleozoic (7) Salmon schist Principally hornblende Canyon Creek and west 
and chlorite schist, side of Stuart Fork 
locally migmatized, 

some quartzite 

stringers 


Pre-Cambrian Abrams schist Principally quartz East side of Stuart 
biotite-muscovite Fork, head of South 
schist, some quartzite, Fork Salmon River 
coarsely crystalline and Coffee Creek 


marble, and horn- 
blende schist 


PRINCIPAL EPISODES OF GLACIATION 
Within the Trinity Alps the major glaciated areas are in the drainages of 
Coffee, Swift and Canyon creeks and the Stuart Fork. Less extensive glaciers 
occupied parts of the drainages of the South Fork of Salmon River, East Fork 
of Stuart Fork, Rush Creek, and the North Fork of Trinity River (fig. 1). 
Four episodes of glaciation are recognized (table 2), The three youngest 
are probably Wisconsin, and the oldest is presumably pre-Wisconsin. Evidence 


glaciations is treated 


suggesting still younger and possibly considerably older g 


in following sections. 


Late Substage ( Morris Veadow ) 

This substage is well represented at most of the glaciated sites. The evi- 
dence is best on Stuart Fork below Morris Meadow (fig. 2). in various south- 
side tributaries of Coffee Creek (figs. 5-7), and on the North Fork of Swift 
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Fig. 2. Moraines of the Stuart Fork drainage. W1—Late (Morris Meadow) substage, 
Wm—Middle (Rush Creek) substage, We—Early (Alpine Lake) substage. 
Creek (fig. 8). In these places it has formed a terminal moraine and a succes- 
sion of recessionals, which number 15 on Union Creek, 20 on Sugarpine Creek. 
16 on Boulder Creek, 11 on Boulder Lake Creek, and 22 pn Stuart Fork. In 


TABLE 2 


Principal Episodes of Pleistocene Glaciation in Trinity Alps 


Local Name 


Symbol Designation 
g 


Wi Late Morris Meadow 
Wisconsin Wm Middle Rush Creek 
We Early Alpine Lake 


Pre-Wisconsin Ancient Swift Creek 
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some canyons the terminal is a double ridge, and in others it is smaller and 


less distinct than some of the recessional moraines, Plotting of the recessionals 
did not reveal any consistent pattern of spacing, clustering, or size from canyon 
to canyon, Strong lateral moraines of this substage form prominent benches 
on the walls of many canyons, and multiple lateral moraine ridges were 


mapped locally (fig. 4). 


Moraines on Sugarpine Creek, 
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A strong recessional moraine suggestive of readvance has been found well 
upstream from the terminal postion on Sugarpine, Union, and Boulder Lake 
creeks and on Stuart Fork. Boulder counts also suggest a two-phase develop- 


Moraines of Boulder Creek drainage. 


+ 
+ 
+ 
je 
> \ 
> + + 
[+ | 1 3) We 
6 "| | 
ie fe ry + 
. 
AG 
Wm / | 
Wr /» Wi 
+ 
+ - 
4 
. ( 1 Mile 
fee: 


14 Robert P. Sharp 


ment within the recessional sequence, which is further supported by discordant 


trends in overlapping morainal ridges on Sugarpine Creek. 


Viddle Substage (Rush Creek) 

Phe terminal and recessional moraines of this substage. although recog- 
nizable. are usually neither strong nor well preserved, The terminals do not 
have multiple ridges as in the Late substage. In places the laterals are large. 
well-developed and comprise some of the more prominent moraines of the area. 
(ood ex imples are on Canvon. Rush. Granite. North Fork of Swift, and Alpine 
Lake creeks, The lateral on the east side of Granite Creek is three quarters of 


i mile long and rises abruptly 100 feet above a fosse on its outer side, 


karly Substage { {pine Lake) 

Vhis glaciation is represent d mostly by small praate hes of till and seattered 
lateral-moraine remnants. A few large well-preserved laterals still exist in. pre 
tected ridge-top localities. lor ey imple on Granite ( reek (fie. 8) and Alpine 
Lake Creek (fig. 2). Deposits of this substage are extensive on lower Swilt 


Creek (fig. 8). but the relationships are complicated by debris flows, Patches 


of Early substage till wer mapped on Boulder. Sugarpine, lL nion, East Fork 
of Stuart Fork. Rush (fie. 9). Bie East Fork of Canvon tfig. 11). Deer, Stuart 


bork 


and Canvon creeks 


Boulder Lake 


1 Mile 


Fig i Voraines on Little Boulder Creek. 
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PLATE 


\. Deeply weathered dioritic boulder with fine-grained inclusion projecting 2 


2 inches: 
crest of Early substage lateral on Canyon-Bear Creek ridge. 


B. Crest of Early substage lateral moraine, northeast side of Alpine Lake Creek (fig. 
compare with © and D. 


(. Crest of Middle substage lateral moraine, northeast side of Alpine Lake Creek, 


D. Crest of Late substage lateral moraine, northeast side of Alpine Lake Creek: com 
pare with B and ©, 


Incient Stage 
Reliable evidence for this glaciation is recognized only on lower Swift 
Creek (fig. 8) and even here relations are confusing because of debris-flow 
deposits. This stage appears to be several times older than the preceding 
elaciations. 
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Glacial deposits of Swift Creek area. pWa—Ancient (Swift Creek) stage. 
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Fig. 9. Moraines on Rush Creek. 


OTHER LESS CERTAIN OR MINOR PHASES OF GLACIATION 


Older Pleistocene Glaciation? 

The Trinity Alps were probably glaciated during Pleistocene stages still 
earlier than those described, but compelling evidence for this has not been 
found. Coarse gravels mantling Pleistocene stream terraces, older and higher 
than terraces perhaps chronologically related to recognized glacial episodes, 
have been attributed to earlier glaciations (Hershey, 1903a; 1904; MacDonald, 
1910, p. 49-50; Diller, 1911, p. 17; 1914, p. 17-18). This proposition is diffi- 
cult to support with direct evidence and is not advanced as a general argument, 
but relations at one informative locality are described as they afford an evalua- 
tion of the possibilities. 

Rock terraces and the overlying deposits are well exposed in abandoned 
placer workings at the mouth of the Big East Fork of Canyon Creek. On the 
spur north of the Big East Fork is a rock terrace 330 feet above Canyon Creek 
mantled by about 100 feet of deposits (fig. 13). The lower 40 feet of this 
mantle is gravel resting on bedrock and containing subangular to rounded 
6-inch to 1-foot boulders, mostly amphibole schist with some diorite. Layering 
is crude, and sorting is modest. The overlying 25-30 feet of gravel consists al- 
most wholly of diorite boulders, many 3-5 feet in diameter and some 12 feet 
across, set in a sparse matrix of gruss. The indistinct layering is expressed 
mostly by differences in boulder size, Sorting is poor, and the boulder to matrix 
ratio is locally as great as 9 to 1. The distinctive diorite composing the boulders 
shows that they came down the Big East Fork from Weaver Bally Mountain 
and not down Canyon Creek. Overlying the gravel is a coverhead of slopewash 
at least 45 feet thick consisting of 3 distinctive layers, each the product of 
separate genetic episodes. 

These deposits are clearly of some antiquity. The slopewash has a deep- 
red, clay-rich soil, 10 to 12 feet thick, that contains abundant ironstone pellets 
of the type found in laterites. The thickness and deeply weathered condition of 
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this soil may be in part a result of downslope movement and accumulation of 


weathered debris. Nonetheless, it exceeds anything seen on glacial deposits in 


this area, except possibly Ancient stage materials on lower Swift Creek, The 
oravel heneath the slope wash is deeply oxidized loa rich-orange brown in the 
upper 50 feet and to a yellowish brown in the matrix, 65 feet below the top of 
the gravel. The degree of disintegration of the diorite boulders is impressive. 


They are loose enough to be picked apart by bare fingers, and all weather flat 


Moraines on Canyon 
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Fork of Canyon Creek, Largest boulder 12 feet across. 
B. Debris-flow deposit along lower Swift ¢ reek: detritus is almost wholly serpentine, 


Rounded boulders at base are in layer of glacifluvial material. Largest stones 2-3 feet across. 


i PLATE 2 

_ a3 \. Flat-to-the-face weathering of dioritic b ulders in old ivel at mouth of Big East 
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to the face of the bank (plate 2A). Even the largest, 12 feet across, has no 


residual core. Metamorphic boulders also show considerable decomposition 50 
feet below the top of the gravel where a number weather flat to the face, These 
relations indicate that the gravel is considerably older than deposits of the 
Early substage glaciation farther up Canyon Creek. Canyon Creek has cut 
down nearly 400 feet, 330 feet in hard bedrock, since deposition of the gravel, 
a further testimony of considerable antiquity. 

An outstanding feature is the sudden appearance of large dioritic boulders 
which must have come down the Big East Fork. At the head of this stream 
are excellent sets of moraines representing the Late, Middle and Early sub- 
stages (fig. 11). If the dioritic gravel at the mouth of the Big East Fork were 
laid down directly by ice, the glacier would have been more than 3 times as 
long as any of its recognized predecessors. This seems unlikely, and a more 
reasonable possibility is that the gravels are glacial outwash, The sudden influx 
of coarse dioritic boulders could be caused by glaciation, and the steep narrow 
canyon of the Big East Fork provides a good avenue of fluvial transport. It is 
a reasonable speculation that these coarse dioritic gravels represent glacial out- 
wash, but the proof is neither direct nor compelling. If they are glacial, the 


— 


Moraines on Big East Fork of Canyon Creek. 


4 
a 
he 
j 
> 
We 
wo 
wm 
AC 
oe 45 
| > 
| | | 
WIN 
| 
} 
| > | 
| 


Fig. 12. Moraines of Grizzly—Rattlesnake creeks area. 


evidence of antiquity suggests that they are no younger than the Ancient stage 
on lower Swift Creek and indeed may be considerably older. 


eoglaciation® 


Small, fresh, well-defined moraines in the higher parts of the Trinity Alps 


* This term is used simply as a short convenient designation for a readvance of ice sub- 
sequent to shrinkage during the Hypsithermal interval. Cooper (1958, p. 943) suggests 
the term Hypothermal for this post-Hypsithermal phase and perhaps Hypothermal glacia- 
tion would be a preferable term. 
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may be the product of a post-Hypsithermal glaciation rather than a recessional 


phase of the late Wisconsin. Such moraines have been mapped on parts of 


valley walls formerly covered by carapaces of ice, around the margins of exist- 
ing ice and snow bodies, and on the floors of small cirques. They are mostly 


sravel, mixed 


dioritic and meta 


morphic stones 


13. Sketch of deposits on 330-foot rock terrace at mouth of Big East Fork of 
{ reek 
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20 to 30 feet high, sharp crested, essentially unmodified by erosion, and com- 
posed at least surficially of coarse angular blocks. In plan view they are con- 
formable in shape and location to existing ice and snow bodies or to earlier ice 
masses, On the south (north-facing) wall of Stuart Fork above Sapphire Lake 
is a succession of 3 such moraines (fig. 2), and a similar sequence was mapped 
in a zone peripheral to Grizzly glacieret (fig. 12). The outermost moraine of 
the Stuart Fork group was formed by an ice body about 0.9 mile long that at- 
tained a minimum elevation of 6800 feet. The corresponding parameters at the 
Grizzly glacieret are 0.6 mile and about 7500 feet. 

The possibility that these moraines are Neoglacial ( Matthes, 1939, p, 519- 
520; 1940, p. 398-403; 1942, p. 212-214) and therefore formed by an ice 
advance occurring in the post-Hypsithermal interval is supported by the follow- 
ing points, The innermost moraine is exceedingly youthful and fresh, It bears 
only a scattered growth of grass, flowers and low bushes, many of the com- 
ponent blocks are not yet stable, and the location is only 200 to 300 yards be- 
yond the edge of existing snowbanks and ice masses. It may correspond to the 
“1850 moraines of the Sierra Nevada (Matthes, 1940, 400), The interme- 
diate moraine is clearly older. Its boulders are stable and the vegetative cover, 
although sparse, is more dense with conifers 50 feet high and possibly 50 to 
100 years old. The outermost moraine is several times older judging from the 
density of its vegetative cover and the size of trees growing on it. 

A further indication of the recency of this glacial episode is the light color 
of the glaciated dioritic rock surfaces inside the moraines as compared to the 
distinetly grayish cast of glaciated bedrock outside the moraines, The location 
and size of other Neoglacial ice bodies which did not form moraines can be 


determined in some instances by this striking and sharply limited contrast in 


Fig. 14. Weathering behavior of boulders in glacial till as exposed in steep banks. 
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Fig. 16. Diagrammatic sketches of; A—Trinity Alps-type cirque; B—ice carapace 
relation on valley wall. 
bedrock coloration. On this basis, some Neoglacial ice bodies are judged to 
have attained a length of nearly two miles. 

The moraines are estimated to range in age from about 100 years to at 
least several hundred and possibly 2 or 3 thousand years, That the ice which 
formed them was regenerated during the post-Hypsithermal interval is not 
directly demonstrable but seems likely for reasons advanced by Matthes (1939, 
1940). Birman (1957, p. 152-179) recognized and mapped 3 Neoglacial sub- 
stages in the central Sierra Nevada. 


CHRONOLOGICAL DIFFERENTIATION OF GLACIAL DEPOSITS 

Differentiation of drift deposits on a basis of age, both relative and ab- 
solute, remains a major problem in mountain glaciation. Criteria are needed 
for expressing relative time relationships in a quantitative manner, The follow- 
ing is a list of criteria, with brief explanatory notes, used for chronological 
differentiation in this work (table 3). Many of these features and others not 
utilized here have been discussed by Blackwelder (1931, p. 870-880), Nelson 
(1954, p. 334-338), and Birman (1957, p. 60-87) among others. 


Local Value of Specific Criteria 
A few of the items listed (table 3) are new, different, or special in their 
application, Some are dependent on particular aspects of the local environment 
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and cannot be freely applied in other areas. 

Topographic position nearly always affords the primary basis for initial 
segregation of glacial deposits in a single canyon. The older deposits are most- 
ly higher on canyon walls or farther downstream, for each successively younger 
ice advance destroys the surface features of earlier glaciations in the area in- 
vaded, Weathering of surface stones has progressed to such an extent here 
even on Late substage moraines that no easily expressed significant distinction 
could be made between weathered and unweathered boulders. Attention was 
therefore focused on boulder frequency rather than weathering ratios (Black- 
welder, 1931, p. 877; Birman, 1957, p. 67-74). Counts were made on stones 
of comparable lithology, usually diorite, in corresponding topographic situa- 
tions. The counting procedure involves quick judgments of such matters as 
width of the strip (10 feet). size of boulders near the one-foot limit, the size of 
partly buried boulders, and whether fragments of a fractured boulder are to be 


counted separately, The procedure is admittedly crude and in part subjective. 


However, with experience and practice an individual observer produces sur- 


prisingly consistent results, 


Paste 3 


Criteria used for chronological differentiation of glaciations in Trinity Alps 


1. Topographic position Successively older moraines are progressively higher on 
of moraines valley wall or increasingly farther downstream, 


é 1 opographic expression al (Morris Meadow) moraines have uously 
of moraines sharper, more irregularly jumbled topographic fea- 
tures, 
Smoothed and subdued forms, degree of gullying and ex- 
tent of removal of loop moraines by axial streams 
increase with age. 


lopographis Involves discordance in trend of morainal ridges where 
uncontormity deposits of younger phase rest against or overlap 
} older moraines (see hig. 10). 


Preservation of Depends strongly upon local topographic situation. Early 
lateral moraines (Alpine Lake) laterals are preserved only in ridge- 
crest locations, Well-defined laterals of Middle and 
Late substages remain only on valley walls that are 

not too steep or too severely washed, 


Joulder frequency Measured by counting number of boulders one foot ot 


more in diameter in strip 100 feet long by 10 feet 
wide on crest of morainal ridge. See plate 1 for pir 
torial representation. 


6. Condition of surface Remnants of mechanically worn surfaces found on 
boulders boulders on Late substage moraines, rare ever there, 
Spalling and fracturing along joints are marked on Late 
substage boulders, seen to small degree on Middle 

substage, almost entirely lacking on Early substage. 
Loss of rounding on boulder because of differential 
weathering most noticeable on Early  substage 

moraines, 

Disintegration first becomes dominant apparent mode of 
) weathering in dioritic surface boulders of Early sub- 


‘ 
stage. 
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Taste 3 (Continued) 


Differential weathering along cracks etches them 1 inch 
deep in Middle substage and to 4 inches deep in 
Early substage. 

; Inclusions etched into relief by differential weathering 

project 1-2 inches on Middle substage and more than 
2 inches on Early substage boulders. 

Pitting and differential weathering give Early substage 
boulders wholly different appearance than younger 
boulders. 

Ground-level weathering platforms a few inches wide are 
relatively common on Early substage boulders, 

Some dioritic boulders weather flat-to-the-ground on Early 
substage moraines but not on younger moraines. 

\ distinctive nodular weathering occurs in Early substage 
boulders to much greater degree than in younger de- 
posits. 

Early substage boulders are more extensively covered by 

lichen and discolored by a dark weathering coat, 


7. Color of drift Sirongly influenced by lithology. Deep red colors on fine- 
ly ground serpentine of Early and Ancient glacia- 
tions. Yellowish-brown common on Middle substage 
till containing consideralb'e metamorphic detritus. 
Dioritic material shows noticeable yellow or brown 
colors only when older than Middle substage. 


8. Soils 


Dark-red, clay-rich soil with abundant ironstone pellets 
found on serpentine-rich glacial debris of Ancient 
stage on lower: Swift Creek. 

Brownish-red soil of similar character, also with iron- 
stone pellets on serpentine detritus of Early substage 
on Swift Creek. 

Soils not widely useful. 


9, Surface mantle Burial of surface boulders by distintegrated dioritic gruss 
significant only on Early substage or earlier ma- 
terials, except in swales or other depressions, 

Properly situated glacial deposits receive a mantle of 
“coverhead”, largely slopewash increasing thick- 
ness, complexity, and degree of weathering with age. 


10. Cut-bank exposures In Late substage deposits all boulders project from face 
of steep cut banks. 

In Middle substage materials about 90 percent of bould- 
ers project to some degree, Many are sound enough 
to ring to a hammer blow, Some dioritic boulders 
show disintegration and spheroidal weathering with 
sound cores, ¢ 

In Early substage materials 90-100 percent of dioritic 
boulders weather flat-to-the-face, at least in upper 
15-20 feet of the cut. All ‘are deeply disintegrated 
and crumble under hammer blow (pl, 2A; also 


hg. 14). 
11. Secondary Buried near-surface stones and buried parts of surface 
incrustations stones of Middle and Early substages have dense 


incrustations of clay and iron oxides. 
12. Stratigraphic 


Superposition of deposits of one glaciation upon another 
relationships 


although rarely seen in this area are extremely use- 
ful. 

Middle and Early substage moraines tend to support good 
stands of timber in comparison with dense brush 
cover on many Late substage moraines. Does not 

hold along canyon bottoms where all are forested. 


13. Vegetative cover 
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The counts are not the same from canyon to canyon (table 4), but within 
a single canyon they afford a basis for differentiation of glacial episodes. 
Among other things, they suggest that the Late (Morris Meadow) substage 
may consist of two distinct phases, a relationship already inferred from other 
criteria. From boulder counts it is inferred that the time interval between the 
Early and Middle substages is greater than between the Middle and Late sub- 
stages. 

{ useful chronological criterion in the Trinity Alps was the behavior of 
boulders on steep cut banks, item 10 (table 3). It was applied chiefly to dioritic 
boulders and is primarily a function of the degree of subsurface weathering. 
Middle and Early substage deposits were distinguished by this means on Can- 
yon Creek. The weathering “flat-to-the-face” of nearly all dioritic boulders, 
even several feet in diameter, in the Early substage deposits is striking and 
contrasts with projecting boulders in cuts through younger deposits. 


TABLE 4 


Boulder counts on glacial moraines in the Trinity Alps* 


Location Moraine type Boulder count 


Late Middle 


Early Ancient 


(Wl) (Wm) (We) (pWa) 


Terminal 162 
Recessional 177 
Sugarpine Creek Recessional 
Lateral 
Lateral 


Boulder Lake Recessional 125 
Lateral 116 
Recessional 125-130 
Lateral 80 
Lateral 100-105 
Lateral 


Little Boulder Lake Lateral 135 


Lateral 180 
Alpine Lake Creek Lateral 135-140 
Lateral 90 


Swift Creek Lateral 115 
Lateral 10-20 


Boulder Creek 


Figures represent numbers of surface boulders 1 foot or more in diameter in a strip 
100 feet long by 10 feet wide on the crest of a morainal ridge. In all locations cited 
boulders were dioritic except on Swift Creek where they were serpentine. 


DATA ON THE PLEISTOCENE GLACIERS 


During the Late (Morris Meadow) phase of glaciation, the area mapped 
contained at least 30 separate valley glaciers and a few cirque glaciers, Three 
large composite ice streams occupied Swift and Canyon creeks and the Stuart 
Fork. Lengths and termina! elevations of all glaciers during the 4 principal 
phases of glaciation are given in table 5, and a summary presentation is made 
in table 6. 
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Canyon Creek glacier was the longest in the last two substages, and it also 
had the lowest terminal elevation in all three Wisconsin substages (table 6). 
This is attributed to a relatively large accumulation area at a comparatively 
high elevation, to the straight narrow nature of Canyon Creek, and to its rela- 
tive steep longitudinal profile. The largest glacier by area during the Early 
(Alpine Lake) substage was in Swift Creek. It covered roughly 18 square 
miles compared to 16.7 and 9.2 square miles respectively for the Stuart Fork 
and Canyon Creek glaciers. 

The record of glacier dimensions during the older phases of glaciation is 
necessarily incomplete as much of the evidence has been destroyed, Coffee 
Creek should have carried a relatively large ice stream in the Early (Alpine 
Lake) and Ancient (Swift Creek) phases, but no good evidence for this has 
heen found, Likewise, the extent of Ancient stage glaciers in Canyon Creek 
and on Stuart Fork remains unknown. 

In the Trinity Alps, length has varied much more than terminal elevation. 
The interval between mean terminal elevations for the 3 Wisconsin substages is 
essentially constant at about 700 feet, but the difference in length increases by 
a large factor with age. 


TABLE 6 
Summary of lengths and terminal elevations of largest glaciers 
in Trinity Alps 

Mean ele- 


Lowest Terminal vation of 
Phase of glaciation Longest glacier elevation terminus Mean length 


In feet, In miles, 
numberof number of 


Length Valley Elevation Valley glaciers in glaciers in 
inmiles occupied in feet ovcupied parentheses parentheses 


Late 


(Morris Meadow) 7.8 Canyon 3350 Canyon 1615 (30) 3.1 (30) 
Cr 

Middle 

(Rush Cr.) (anyor 2800 Canvon 3900 (23) $.3 (23) 
Cor. 

Early 

(Alpine Lake) 11.3 Swift 2500 Canyon 3240 (6) 7.2 (6) 

Ancient ’ 

(Swift Cr.) Swift 245007) Swift 2450? (1) 13.7? 
Cr. Cr. 


SPECIAL FEATURES 
Debris Flows 


Deposits of debris-flow material, indistinguishable from till, greatly com- 


plicate the determination of glacial boundaries in those parts of the Trinity 
\lps where serpentine is the principal bedrock, Serpentine is a notoriously 
ready participant in mass movements, a tendency which becomes accentuated 
when the material is finely ground and supplied with abundant water, Thus, 
highly mobile debris flows formed at the snouts of glaciers carrying principally 
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serpentine detritus and extended several miles down valley, Successive flows 
built up thick deposits not unlike outwash trains but markedly different in 
constitution. Perhaps, accumulations of glacially supplied flow debris should 
have a specific name other than Hartshorn’s (1958) flowtill, a similar but more 
localized deposit derived from superglacial material. 

Trinity Alps flow debris contains abundant boulders of serpentine and a 
few of other lithologies, mostly no larger than 4-6 feet in diameter but in some 
instances up to LO feet across (plate 2B). These and numerous smaller stones 
are firmly embedded in a copious greenish-gray matrix rich in silt and clay. 
In large exposures an indistinct stratification is expressed by beds 5 to 30 
feet thick with occasional intercalated layers or lenses of water-laid gravel, 
sand, and silt. These layers dip 3 to 5 degrees downstream, and a general lack 
of weathering along contacts between them suggests relatively rapid deposition. 
In most exposures the flow debris is so hard, tough, and compact that it stands 
in vertical banks, forms the beds of stream channels, and fragments of it com- 
pose abraded boulders in modern stream gravels. 

In most respects this flow debris looks more like till than till itself, The 
resemblance is strengthened by inclusion of glacially striated stones, so that a 
distinction in small exposures is virtually impossible. The layering seen in 
large exposures, the location and distribution, the nearly continuous exposure 
along a stream, and surface morphology were the only criteria of much help in 
distinguishing flow debris from till. 

Deposits of this origin are particularly extensive on lower Deer and Swift 
creeks. A succession of flows filled the narrow canyon of Deer Creek to a depth 
of at least 330 feet in the Middle substage and about 500 feet in the Early 
substage. These deposits have been largely slushed out by Deer Creek, but 
patches still cling to the valley walls and sit atop the narrow bedrock ridge 
between lower Deer Creek and Stuart Fork. 

On lower Swift Creek debris-flow deposits are exposed to a thickness of 
100 feet in stream-cut banks, and other relations suggest a maximum thickness 
approaching 400 feet. These thicker accumulations compose broad rounded 
ridges on both sides of the stream, that may be subdued lateral moraines or 
huge mudflow levees. Ridges of this type formed during both the Early and 
the Ancient glaciations (fig. 8). 

Probably each phase of glaciation sent its share of debris flows surging 
down Swift Creek. On the east side of lower Swift Creek inside the Early 
lateral ridge at the big bend are three distinct benches at 75, 90 and 160-170 
feet above the creek. The upper bench is 200-300 feet wide, but the others are 
narrower. These benches may represent remnants of accumulated flow debris 
of the Late, Middle and Early substage of glaciation. 

The difficulty of distinguishing flow debris from till complicates the ac- 
curate definition of the extent of Early and Ancient glaciers on lower Swift 
Creek, The terminal position of the Early glaciation (fig. 8) is shown with 


reasonable confidence, but the terminus indicated for the Ancient glacier may 
he too far downstream, It seems likely that Hershey (1900, p, 48), Ferguson 
(1914, pl. IL) and Hinds (1933, pl. IIL) were earlier confused by outcrops of 
flow debris in this same area. 
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Tributaries of lower Swift Creek were ponded as glacial and flow debris 
accumulated along the trunk stream. Cement*Creek presumably derived its 
name from pond deposits of light-colored silt and clay that compose its bed 
and banks just outside the Early lateral ridge on the north side of Swift Creek. 
Along Gratten Creek are similar well-bedded clay and silt deposits lying be- 
tween debris-flow deposits of the Early and Ancient glaciations. 

Patches of till-like material containing much serpentine detritus occupy 
protected niches on the walls of Coffee Creek several hundred feet above the 
canyon floor at its junction with Union Creek. Similar material is not found 
along Coffee Creek above or below this site, so the detritus probably came 
down Union Creek. The deposits may well be glacial since there is an Early 
substage lateral moraine high on the east side of lower Union Creek, but the 
possibility of debris flowage contributes a degree of uncertainty. Likewise, it 
is difficult to determine whether till-like deposits high on the spur north of the 
mouth of Salt Creek, an east side tributary of Stuart Fork, represent flow 
debris from Salt Creek, from Deer Creek, or till laid down by the Stuart Fork 
elacier, 

Need for recognizing flow debris as such is further demonstrated in places 
where materials of this origin could have had no relation to glaciers. An ex- 
ample in point is provided by small patches of serpentine-rich flow debris on 
Stuart Fork at the mouth of Elk Gulch, three-quarters of a mile above Trinity 
Alps Resort. This material came down Elk Gulch from an unglaciated area of 
serpentine bedrock on the south flank of Red Mountain, A misidentification as 
till could lead to a wholly erroneous conclusion as to the size of the Stuart Fork 
glacier. Crandell and Waldron (1954) found that deposits formed by huge 
debris flows from the flanks of Mt. Rainier were previously misidentified as 


till. 
Stream Terraces 

Remnants of terraces at several levels along streams in the Trinity Alps 
have attracted early attention because of associated auriferous gravels 
(Hershey, 1902, 1903a, 1903c, 1904; Diller, 1914; Averill, 1933). Terrace 
remnants are largest and most abundant along tributary canyons in the moun- 
tains and in wide parts of the major river valleys known by the local name 
“bar”. Most terraces consist of a gently sloping rock surface mantled by 
houldery stream gravel 8 to 15 feet thick and locally attaining 45 feet. Where 
the local setting is suitable, a coverhead of weathered slopewash, a few to 20 
feet thick, has formed on top of the stream gravels, Placer workings provide 
good exposures of the deposits, the rock-gravel contact, and the bedrock 
surface, The latter in many instances displays an impressively rough micro- 
topography of knobs, ridges, channels, and closed depressions in haphazard 
arrangement on a relief-scale of 10 feet. 

In early phases of this work considerable effort was devoted to the study 
and mapping of terraces in hopes that they would provide a means of linking 
the glacial sequence of the Trinity Alps to Pacific coastal terraces, a possibility 
earlier perceived by Hershey (1903a, p. 431). This expectation was dashed by 
the lack of marine terraces at the mouth of Klamath River, but the stream ter- 
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races remain worthy subjects of attention in their own right. They afford a 
possible means of extending the glacial chronology into unglaciated areas and 
are important reference horizons and recorders of Pleistocene history. 

Correlation of terrace remnants was principally by height above pr. sent 
vrade, supplemented by the nature and weathering of overlying deposits. 
Heights were determined by hand leveling on low terraces and by Paulin 
altimeter on higher surfaces. The figures are good to within 10 percent; even 
less for the higher levels. In view of irregularities in the terrace surfaces and 
other considerations, more accurate measurements would not be significant. 

Canyon Creek contains some of the more numerous, well preserved, and 
hest exposed terrace remnants of the Trinity Alps. Since they were studied in 
detail, a brief description is given as representative of the area. The remnants 
are scattered along the course of Canyon Creek downstream from its glaciated 
reach (fig. 15). Ignoring small intermediate surfaces and rounding off the 
figures within the accuracy of measurement, the principal terrace levels along 
Canyon Creek can be said to lie at 10, 20, 40, 90, 160 and 300 feet above the 
present stream. These figures are for the height of the bedrock surface which 
is the datum most easily and accurately determined. The upper surface of the 
gravel is usually 8 to 15 feet higher and in some ways would be a better datum 
since it probably comes closer to the level of the original stream channel in 
average discharge but in most places it has been removed by placering. Near 
the limit of glaciation, the bedrock surface is not always exposed, and in some 
other places both the rock and gravel surfaces were measured (fig. 15). 

Since the terraces are essentially bedrock surfaces, there is no immediate 
reason to conclude that they must be genetically related to glaciation, It could 
be argued that the streams were in a cycle of down cutting when glaciation 
occurred flooding the canyons with great quantities of outwash and causing 
the streams to erode laterally thus creating the gently sloping rock surfaces 
that constitute the present terraces. Down cutting could presumably be renewed 
in the interglacial intervals. The gravel mantles on terraces, locally as much as 
15 feet thick, give some support to this idea, but the argument is tenuous at 
best and lacks other means of direct confirmation. 

A direct relation with glaciation could be established by tracing a terrace 
directly to the terminal position of a glacier and showing that it does not con- 
tinue farther up stream. Much time and effort were expended in attempting to 
do this on Canyon Creek without complete satisfaction. However, the 10-foot 
rock terrace fulfills these requirements reasonably well for the Late substage of 
glaciation, and the 20-foot terrace bears a similar relation to the Middle sub- 
stage. Remnants of the 40-foot rock terrace also lie down stream from the esti- 
mated terminal position of the Early substage of glaciation (fig. 15). 

In terms of chronological relations, the correlations indicated in table 7 
appear reasonable, This does not imply that the terraces are genetically related 
to glaciation but only that they are of about the same age. Reasons for con- 
sidering the 300-foot level as possibly older than any of the glaciations identi- 
fied have already been presented. This view is also supported by the fact that 


deposits on the 90-foot and higher terraces are mantled by debris more deeply 
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and extensively weathered than anything seen on glacial deposits except those 
of the Ancient stage on lower Swift Creek. 
TABLE 7 
Suggested chronological relations between episodes of glaciation 
and rock terraces on Canyon Creek 


Mean height of 
Rock Terrace in Feet Episode of Glaciation 


10 Late glaciation 
Middle glaciation 
Early glaciation 


Ancient glaciation 


Still older glaciation? 


lee Carapaces and Schrund Lines 


In the central high country of the Trinity Alps are extensive glaciated rock 


surfaces on sloping valley walls far above the level of the former ice streams 


partly filling these valleys (plate 3). Similar surfaces are found in place of 
cirques (fig. 16) at the heads of many canyons, Devils Canyon and Granite 
Creek for example. Surfaces of this type are better developed in the Trinity 
Alps than in most other glaciated mountain ranges of western United States. 
They are well displayed throughout the headwaters of Canyon Creek and the 
Stuart and North forks of the Trinity River where they caught the attention of 
Cox (1956. p. 109-110), 

Striae, scoured and plucked rock surfaces, and Schrund lines show that 
the valley walls in these areas had a mantle or carapace of ice, possibly no 
more than 200 to 300 feet thick. that flowed toward the valley axis, The situa- 
tion is pictured to have been about as sketched in figure 16. lee bodies of this 
type have been observed repeatedly in areas of existing glaciers in Alaska, It 
is important that the work they did should not be credited to the ice streams 
flowing in the valleys, as this would lead one to attribute much too great a 
thickness to the valley glaciers. 

Two factors probably contributed to the development of these ice cara- 
paces, First, a suitable valley wall of modest slope had formed by normal 
weathering and erosion of the dioritic rocks composing much of the central 
core, Secondly, the climatic environment of the glacial age had enough of a 
maritime flavor to produce wet, sticky snow which accumulated on the sloping 
valley walls until it attained a thickness great enough to flow. 

Accompanying features of interest are the prominent Schrund lines which 
in many places define the upper and lateral limits of the ice carapaces. Schrund 
lines are found not only along the base of ragged crested divides but also along 
the edges of lateral spurs projecting into the valleys and separating adjacent 
carapaces. These lines presumably mark the mean location of the perennial 


ji : 
AG 
> 
4 
160 
j 
q 
a 
4 


Pleistocene Glaciation in the Trinity Alps of Northern California 337 


crevasse or Bergschrund near the edge of the ice where exceptional excavation 
of bedrock occurred. The cliffs defining such Schrund lines are usually 50 to 
300 feet high. 
Existing Glaciers 

Two small vestigial bodies of glacier ice remain in the area, One lies at 
the head of Grizzly Creek on the north side of Thompson Peak (8936 feet). 
The other occupies an adjacent cirque at the head of Thompson Creek on the 
north side of a high unnamed peak (8800 feet) on Sawtooth Ridge 0.6 mile 
east of Thompson Peak (plate 3). For identification the first is called Grizzly 
vlacieret and the second Thompson glacieret. 


PLATE : 


Looking west-southwest to unnamed peak on Sawtooth Ridge. Thompson glacieret un- 
der snow at base. Sloping rock surfaces scoured by former carapace of ice. Sharp ragged 
peaks and ridges rise above, August 6, 1950. 

Such bodies cover 5 or 6 acres, lie at elevations between 8200 and 8500 
feet, display crevasses. and consist of somewhat dirty ice in crystals up to one 
inch in diameter, When visited on September 1, 1956, a year of considerable 
residual snow, they were mostly snow-covered. Views from a distance in other, 


drier years suggest that at times 30 to 40 percent of the ice may be exposed 
during summer. A short distance beyond the margins of both bodies are fresh 
houldery moraines indicative of greater size and activity in the immediate past. 


The Trinity Alps may contain other vestigial glaciers as not all large snow 
hanks were visited to see if they concealed ice, but possibilities seems light ex- 
cept perhaps above Lake Josephine. Hershey (1903a, p. 131) states that the 
“Alps” contained 3 small glaciers in 1903, but he does not locate or identify 
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them, The glacierets of the Trinity Alps are easily the lowest existing glaciers 
in California. They appear to have a reasonably good prospect of survival with 
a continuation of the climatic conditions of the early and mid 1950's. 


Snowline Relations 


Klevations of Pleistocene climatic and orographic snowline in the Trinity 
Alps can be estimated from the available data. Readers interested in’ back- 
ground details concerning snowline types and their determination should in- 
spect Charlesworth’s (1957, p. 11-13) informative discussion. 

The approximate limits of climatic snowline can be defined by altitudes 
of the lowest glaciated peaks and the highest unglaciated summits. In the 
lrinity Alps, peaks above 8000 feet almost without exception had glaciers on 
their north, northeast, and east slopes. Most peaks above 7500 feet show some 
evidence of glaciation, and specific isolated summits as low as 7100, 6900 and 
6800 feet carried small glaciers on north and northeast slopes. Lower peaks 
are all unglaciated. Allowing for local topographic situations, one can say that 
the elevation of climatic snowline during the Wisconsin in this area was prob- 
ably in the neighborhood of 8000 feet. 

Cirque elevations have been used to determine the approximate altitude 
of orographic snowline. A compilation shows that cirque elevations in the 
lrinity Alps range between 6050 and 7500 feet. Many of the most reliable 
examples are at 6500 feet. This looks like a good mean value for Wisconsin 
orographic snowline, and it is reasonably compatible with Davis’ (1958, p. 
626) study of cirque elevations in northern California. Actually, local topog- 
raphy, exposure and other factors exert so much influence on cirque elevation 
that one might do better to speak of an orographic snew zone which in this 
area would extend from 6000 to 7000 feet. Cirques lacing north, northeast, and 
northwest have a mean elevation of about 6500 feet. Cirques exposed to the 
east are 500 feet higher (7000 feet) and those facing west are still higher by 
100 to 400 feet. The cirques lie 500 to 2400 feet below the bordering peaks and 
ridges, the interval being generally ereater the larger the cirque, The direction 
of exposure of Trinity Alps cirques is; 45 percent north, 20 percent northeast, 
1S percent northwest, 10 percent west, 10 percent east, and none to the south, 


In the Trinity Alps climatic snowline appears to have been about 1500 
feet higher than mean orographie snowline during thy Wisconsin. Perennial 
snowbanks suggest that orographic snowline is at pres@it in the neighborhood 
of 7500 feet. Unless the interval between climatic and orographic snowline has 
changed considerably, climatic snowline should now lie close to 9000 feet. 

Brief inspection of glaciated sites on Mt. Lassen was made in order to 
compare the elevation of Wisconsin orographic snowline there and in the 
Trinity Alps. Mt. Lassen attains an elevation of 10,453 feet and lies 85 miles 
inland in an east-southeasterly direction. The data obtained suggest a mean 
elevation for Wisconsin orographic snowline in the Mt, Lassen area of 8000 
feet. compared to 6500 feet in the Trinity Alps. Thus. the inland rise of Wis- 
consin orographic snowline in northern California at about Latitude 41° N. is 


roughly 18 feet per mile, This rise is probably due both to decreasing wintet 
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precipitation and increasing summer ablation inland, a view supported by 
analysis of present-day climatic conditions (Davis, 1958, table 1, p. 621-622). 


Diversion of the Headwaters of Coffee Creek 

Any geologist working in this area who fails to report the diversion of 
the former headwaters of Coffee Creek into the South Fork of Salmon River 
at Big Flat will be characterized by his successors as totally blind. The present 
headwaters of the Salmon are so clearly a continuation (fig. 4) of the upper 
part of Coffee Creek that one scarcely needs the added confirmation afforded 
by the underfit condition of upper Coffee Creek, its wide gravel-floored valley 
that hangs above the Salmon, the sharp elbow in the Salmon, and the narrow 
bedrock gorge by which it passes out of the former Coffee Creek drainage. 

The diversion most likely occurred during glaciation when ice rose high 
enough against the low divide between Coffee Creek and the Salmon River to 
permit a marginal meltwater stream to overflow the divide and to descend 
steeply into the Salmon River drainage. This stream cut down rapidly and was 
able to maintain its course during shrinkage of the glacier. When the ice had 
disappeared upper Coffee Creek was permanently diverted into the South Fork 
of the Salmon, a conclusion formerly reached by Hershey (1900, p, 46-48). 

It would be convenient to think of this event as occurring during the Late 
substage of glaciation, for the terminal moraine of this advance is 1.75 miles 
down Coffee Creek from the point of diversion (fig. 4). However, the elevation 
of lateral moraines on the west wall of the Coffee Creek-Salmon River valley 
and the depth of the rock gorge followed by the present drainage would re- 
quire at least 750 feet of stream-cutting in relatively resistant metamorphic 
rock during and since the Late substage. This requirement and the relatively 
open nature of the gap in the former Coffee Creek-Salmon River divide suggest 
that diversion occurred during some earlier episode of glaciation, One might 
therefore expect that the Coffee Creek-Salmon River glacier in the Late sub- 
stage had a bifurcated tongue with one lobe extending down Coffee Creek and 
the other projecting into the South Fork of Salmon River below Big Flat. Con- 
clusive evidence for the Salmon River lobe has not been found, Coarse granitic 
debris on the walls and in the bottom of the South Fork gorge is not obviously 


morainal, and the morphology of the gorge in no way suggests occupation by 


ice, Perhaps ice did not project far down the South Fork gorge because of the 
right-angle turn at the point of diversion (fig. 4), or because a dam of morain- 
al debris partly choked the gap. Regardless of when it occurred, this is as good 
an example of glacially controlled stream diversion as could be desired 
(Hershey, 1900, p. 47). 
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ABSTRACT. Pollen analysis of a core from a postglacial raised bog at the head of the 
Annapolis River Valley, Kings County, Nova Scotia has revealed the presence of five 
periods of peat growth, These periods of peat growth are recognized by the occurrence of 
a light-colored waxy Sphagnum peat overlying a dark-colored humified Sphagnum peat. 
The stratigraphy and microfossil content of the light- and dark-colored peat layers are 
closely similar to those of European raised bogs, Recurrence surfaces in Europe have been 
dated by pollen stratigraphy, archeology, and by radiocarbon methods, Many recurrence 
surfaces have been found to be approximately the same age over wide areas. Periods of 
peat growth (as shown by the development of lighter-colored less humified peats) have 
been shown to correspond with periods of increased atmospheric moisture. 

Testaceous rhizopods in the light-colored peat layers of Caribou Bog confirm the 
similarity of the recurrence surfaces of this bog with those of western Europe and Scandi- 
navia. Chronologie equivalence of the Caribou recurrence surfaces with those of western 
Europe and Scandinavia can not be established from this study. 

Alkali-extracts of the peat (see Overbeck, 1952) have been used to characterize the 
sediment color differences above and below the recurrence surface horizons. A simpler 
technique, based on sieved fractions of the sediment is satisfactory and less time-consuming 
for describing differences in sediment color density. 

rhe pollen stratigraphy of core CAR-1 resembles the pollen sequence described by 
\uer (1930) from the same bog. Correlation of the Caribou Bog:sequence with data from 
Gillis Lake on Cape Breton Island (Livingstone and Livingstone, 1958) and from Aroosteok 
County, Maine (Deevey, 1951) is also discussed. There is no evidence for any major 
climatic reversal, The pollen data indicate a gradually warming climate with minor oscil- 
lations of moisture (and perhaps temperature). 


INTRODUCTION 

A band of highly humified peat overlain by lighter, less humified peats 
in sections through several raised bogs of northwest Germany was described 
by Weber (1900, 1926) and called the “Grenzhorizont.” Further investigation 
by means of pollen analysis confirmed the stratigraphic postion of the “Grenz™ 
at the Sub-Atlantic/Sub-Boreal transition, By 1932, several similar bands had 
been found, and Granlund was able to recognize five consistent horizons in 
Swedish raised bogs and date them by archaeologic finds and estimates of the 
rate of peat growth. These surfaces (Ry Swedish “Rekurrensytor”) are: 
Ry I, 1200 A.D.; Ry I, 400 A.D.; Ry TIE. 600 B.C. (Grenzhorizont) ; Ry TV, 
1200 B.C.; Ry V, 2300 B.C. 

Nilsson (1935) was able to extend the list of consistent surfaces to nine, 
the two lowermost (Nilsson Ry 8 and Ry 9) dated at approximately 2800 B.C. 
and 3700 B.C... respectively. Ording (von Post. 1946) mentions thirteen re- 
currence surfaces from one deposit. 

Radiocarbon dates from above and below recurrence surfaces in seven 
raised bogs in northwest Germany fall into three groups (Overbeck, et al.. 
1957). The averages of these dates are: 600 A.D.; 100 B.C.; and 700 B.C, 

The time-stratigraphic significance of recurrence surfaces has been widely 
discussed (Jonas, 1935: Mitchell, 1956: Overbeck. et al, 1957: van Zeist. 
1955). In pollen diagrams from the Emmererfscheidenveen, van Zeist (1955) 
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has shown that the stratigraphic position of the Grenz, as recognized by sedi- 
ment density and pollen stratigraphy, varies from 35 em to 107 cm in depth 
in different parts of the same deposit. 

The mechanism of formation of a recurrence surface is not entirely clear. 
Granlund (1932) considers that there is a limiting height to which a raised 
hog can grow under a given climate, As this limiting height is reached, second- 
ary humification of the peat begins, and the bog enters a “stillstand” condition 
with the overgrowth of terrestrial vegetation. This concept has been discussed 
by Godwin (1954). 

The dark humified peats represent weathering during a reduction or 
cessation of bog growth, and the light-colored less humified peats represent re- 
newed bog growth. Regeneration of peat growth above a recurrence surface 
therefore implies an increase in moisture, An increase in moisture may be due 
to an increase in precipitation or to a decrease in temperature (due to lowered 
evaporation). Pollen analysis of the sediments above and below a recurrence 
surface can usually determine the cause of the regrowth or regeneration of the 
hog. 

Although Nichols (1919) on the coast of Maine, and Auer (1930) in 
southeastern Canada. have described raised bogs (sensu Kulezynski, 1949), 
little is known of their stratigraphy. The pollen diagrams and sediment stratig- 
raphy described by Auer suggest that recurrence surfaces may be present in 
many of the raised bogs of southeastern Canada. A core from Caribou Bog, 
Nova Scotia was analyzed by Auer, and the most prominent recurrence sur- 
face found in this investigation was marked by him as containing the stumps 
of trees. Further consideration of Auer’s data appears in another part of this 
paper. 
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REGIONAI 


GEOGRAPHY AND CLIMATE 


Caribou Bog (lat 45°02’ N., long 64°46’ W.) is located about two miles 
northwest of the village of Berwick. Nova Scotia, It is situated on the divide 
between the northeast-flowing drainage (White Brook and Rand Brook) and 
the southwest-flowing drainage (Skinner, Gould, and Hutchinson Brook join 
to form the Annapolis River) of the Annapolis Valley, The climate is humid 
maritime, with an average annual rainfall of 55.5 inches, The average tem- 
perature for January is 23.0°F and for July is 65.0°F. 

The valley 


s about five miles wide at this point and slopes gently from 
about 100 feet above sealevel in the center to about 150 feet above sealevel at 
the foot of the mountains on either side of the valley. The mountains rise 
abruptly to 600-700 feet above sealevel. 
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Caribou bog is bordered to the south by kame terraces, the tops of which 
are about 150 feet above sealevel. The base of the bog is 93 feet above sealevel 
and the surface of the bog at the center of the dome is about 120 feet above 
sealevel (fig. 1). The area of the bog is 621 acres (Leverin and Cameron, 
1949). 

The Pleistocene geology of this region has been described by Hickox 
(1958). 


LOCATION, TOPOGRAPHY, and PROFILE 
of 


CARIBOU BOG, KINGS COUNTY, 


REGIONAL VEGETATION 


The uplands around the bog are covered with stands of balsam fir, white 
birch, red maple, hemlock, white pine, sugar maple, yellow birch, and beech. 
It is difficult to determine the original vegetation since most of the valley has 
heen cleared for agriculture, and all of the woodlands are second-growth, Fires 
are frequent (Auer, 1930) and usually result in stands of white and red spruce 
with balsam fir. 


The surface of the bog yields peat of commercial value, although no ex- 
tensive peat mining operations have been carried out, The vegetation consists 
principally of a heavy cover of Sphagnum moss, with some cotton grass 
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(Eriophorum virginicum), crowberry (Empetrum nigrum), bog rosemary 
(Andromeda glaucophylla), and occasional small trees of black spruce (Picea 
mariana) (from Leverin and Cameron, 1949). 


SEDIMENT AND POLLEN STRATIGRAPHY 

Vethods and materials.—The core was collected in August, 1956 by Dr. 
Charles S. Hickox, using a 25 cm Hiller borer, Samples were placed in alumi- 
num liners and wrapped in heavy waxed paper in the field, At the laboratory 
the samples were rewrapped in plastic and stored under refrigeration until they 
were analyzed. Sediment samples were withdrawn with a porcelain spatula 
(1.0 ml). Thes laboratory methods used to separate the pollen grains from the 
matrix include sieving (screen mesh 150). deflocculation in hot 10 percent 
potassium hydroxide, demineralization in 10 percent hydrochloric acid (first 
cold, then heated) and hydrofluoric acid (48 percent, 6-48 hours hot) where 
necessary, acetolysis (modified from Faegri and Iversen, 1950) and washing 
in hot 10 percent potassium hydroxide, Pollen samples were withdrawn by 
volumetric micropipettes (0.01 ml) and mounted in basic fuchsin-glycerine 
jelly. 

Counting was done at 200x magnifications using apochromatic objectives. 
Critical identifications were made at 800x or 1930x (oil immersion). Identified 
specimens were tallied by traverses across square cover slips (22 mm) starting 
with fixed coordinates. Specimens of unusual interest were sketched and the 
coordinates recorded for later relocation and reproduction by camera lucida or 
photomicrograph. The number of pollen grains counted ranged from 150 to 
600 grains at each level sampled. 

Pollen diagram and sediment stratigraphy.—The pollen data from this 
core are presented in a diagram (plate 1) as a percentage of all pollen counted 
at each level. The pollen sum does not include microfossils other than pollen, 
or the pollen of aquatic plants. Core depth is shown at the extreme left and 
extreme right of the diagram. The composition of the sediments, which is 
presented in detail below, is outlined in the second column of the pollen dia- 
gram. Sediment color-density will be discussed in connection with the charac- 
terization and interpretation of the recurrence surfaces in another part of this 
paper. 

Pollen zones follow Deevey (1939, 1951) and Livingstone and Living- 
stone (1958). It must be remembered that the pollen zonation of this core im- 


plies ecological rather than chronological similarity hetween the separate 
regions. 


PLATE 1 

Pollen diagram for core CAR-1, Caribou Bog, Nova Scotia, Depth in em is indicated 
at the extreme left and extreme right of the diagram. Sediment stratigraphy outlined in 
the second column is described in detail in the text. Sediment density figures explained in 
the text. RH indicates a maximum in optical density of sediment extracts characterizing 
the recurrence surfaces, The percent of trees, shrubs, and herbs are shown by the clear, 
single, and double hatched areas, respectively, to the right of the Pollen Zone column. 
Solid circles denote percentage points of pine at each level in the core, open triangles in- 
dicate spruce, and the crosses indicate the percentage points of hemlock. Non-pollen 
microfossils (rhizopods and algae) are plotted to the right of the ¥ pollen column, and do 
not constitute part of the Pollen Sum. Values are expressed as the number per milliliter of 
wet sediment, 
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The stratigraphy of the peat detailed below was determined by inspection 
of the core as samples were removed in the laboratory. 


0-115 em Coarse fibrous Sphagnum peat; numerous wood 
and root fragments. 
115 - 150 em Dark, decomposed and humified Sphagnum peat; 
wood fragments absent or decomposed. 


150 - 240 cm Light-colored coarse Sphagnum peat; numerous 
wood fragments. 

240 - 270 cm Dark, decomposed and humified woody peat. 

270-315 em Light-colored coarse Sphagnum peat; root and leaf 
fragments abundant. 

515 - 365 cm Humified peat; woody fragments absent. 

365 - 410 em Humified peat; plant fragments present; stems and 
leaves of sedges; Sphagnum, 

110-485 cm Strongly humified black ooze; homogeneous, 

185 - 515 em Carex peat; numerous plant fragments. 

515 - 520 em Black Dy: Some well-preserved fragments of grass 


and sedge leaves; grades into 

520 - 600 em Detritus gyttja: plant fragments numerous in 
bor wh ooze, 

600 - 650 em Similar. but with increasing amounts of sand; 
lower 10 em 45 percent sand. 


Pollen zone “A”~.—The A pollen zone of Caribou Bog is not subdivided 
for two reasons, Despite the fact that the sediments became too sandy for the 
Hiller borer to operate properly, the coring did not reach either till or outwash 
eravel. The boring made by Auer (1930) included 7.2 meters of sediment from 
this bog, near the site where the present boring was made, In Caribou Bog 
pollen stratigraphy. the A zone indicates a pre-pine zone spruce maximum. 
The division is not considered important in the light of the principal subject 
of this paper. Correlation with New England pre-pine zone spruce maxima is 
nol attempted. 

Pollen zone “B°.—The high frequency of pine pollen in this zone indi- 
cates a vegetation in which pine was a prominent tree, Although similar maxi- 
ma in pine pollen characterizes most of the pollen diagrams of New England 
(Davis, 1958; Deevey, 1939. 1943. 1951; Leopold, 1958; Livingstone and 
Livingstone, 1958; Ogden, 1959), Danserau (1953) has pointed out that there 
is no completely satisfactory interpretation of the pollen data. 

Size frequency measurements of pine pollen from this zone indicate that 
much of the pollen was derived from Jack pine (Pinus Banksiana). Although 
it has been shown that some species of pine can be distinguished by size- 
frequency measurements (Davis, 1958), Livingstone and Livingstone (1958) 
point out that the very considerable overlap in measurement of pine pollen 
makes species identification uncertain. In general, it must be said that species 
identification of pines must still be accepted with reservations. 

Deevey (1951, 1959) considers that “B” zone time began at least 1000 
years later in Maine than in southern New England, Livingstone and Living- 
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stone (1958) reach the same conclusion from the Gillis Lake data. In the ab- 
sence of radiocarbon dates from Caribou Bog, it is reasonable to assume that 
the A/B zone transition is not older than 8000 years. 

Pollen zone “C,” —The B/C, transition is marked by an increase in the 
pollen contribution of beech and hemlock and a sharp decline in the abundance 
of pine pollen, Size frequency measurements of the pine pollen in this zone in- 
dicate that red and white pine pollen types replaced jack pine during this time. 
The pollen diagram (plate 1) shows that profound changes were taking place 
in the bog at this time. The disappearance of Pediastrum and Botryococcus as 
well as a change in the sediments from detritus gyttja to a Sphagnum peat 
suggest a change from a wet marsh to a Sphagnum bog. Further evidence of a 
change in the character of the bog is shown by an increase in ericad pollen. 
The tree-shrub-herb- totals in the diagram also indicate a steady encroachment 
of trees and shrubs onto the bog surface during this time. 

The sum of this evidence, together with maxima in optical density and 
testaceous rhizopods, characterizes the first recurrence horizon of Caribou Bog 
(RH at B/C, transition, 480 cm), The presence of a recurrence horizon at this 
level does not imply that the climate of C, time was markedly drier than that 
of the preceding time. It is reasonable to infer from the pollen evidence pre- 
sented above that C, time was warmer than B time. Increased evaporation as- 
sociated with a warming climate resulted in a slowing down of bog growth 
and humification of the surface sediments. 

Regrowth of the bog must have been caused by an increase in precipita- 
tion rather than a decrease in temperature, for the maximum in hemlock 
pollen, and an increase in beech pollen indicate a warmer and moister climate 
than that of B time. The decline of spruce pollen and the replacement of jack 
pine by white and red pine pollen types support this interpretation also, 

The recurrence horizon at 415 cm (pollen zone C,) is marked by a sharp 
increase in optical density of the peat and a minor increase in the pollen con- 
tribution of herbs and shrubs. Above this level, a decline in hemlock and 
beech pollen, as well as an increase in spruce and fir pollen indicate a slight 
cooling, which permitted regrowth of the bog. 

Pollen zone C,.—Near the close of C, time, bog growth slowed down, and 
soil forming processes began, forming the recurrence horizon at the C,/C, 
transition, This level may be recognized in Auer’s (1930) diagram and was 
characterized by him as “highly humified woody peat, containing tree stumps.” 
No logs were encountered by the borer in the present core, but numerous 
woody fragments were recovered, Although specific identification of the wood 
is not available, preliminary tests using the Maiile reaction (Jane, 1956) in- 
dicate that both angiosperm and gymnosperm wood is present. 


The formation of this recurrence surface indicates a considerable gap in 
the pollen stratigraphy. It does not imply that C, time was of short duration in 
Caribou Bog. Either the bog surface was too dry to retain the pollen falling on 
it, or the pollen was weathered and destroyed before it could be incorporated 
in the sediments. 

The pollen sample at 330 em records principally the local bog flora, 
sedges, ericads, and other herbs. For this reason, the minima in pine, hemlock, 
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birch, and hornbean pollen may not indicate a corresponding decrease in the 


abundance of these trees. ‘ 


If it is assumed that the pollen sample at 330 cm reflects the disturbance 


caused by the formation of a recurrence surface, the tree pollen curves at this 


level may be ignored, (This may seem to be a rather Procrustean approach, 
but the difficulty of explaining minima in the pollen curves of pine, hemlock. 
birch, and hornbeam as well as increases in fir, spruce, and beech pollen at 


the same level is obvious). 


The pollen sample at 305 em indicates the nature of the climatic change 


which again permitted peat growth in the bog. The formation of a “regenera- 


tion peat” (sensu Godwin, 1954) implies an increase in moisture. The sedi- 


ments alone do not indicate whether the moisture increase was due to an in- 


crease in precipitation, or to a decrease in temperature, If the formation of the 


regeneration peat was due to a decrease in temperature, it would be expected 


that the pollen contribution of spruce would increase at the expense of hem- 


lock pollen. The fact that the reverse is true would indicate that the steadily 


warming climate shown by the increase in hemlock and beech pollen through- 


out the core continued, and that regrowth of the bog was due to an increase in 


precipitation, 


Pollen zone C,,.—Pine and hemlock show reciprocal percentage changes 


in pollen zones A, B, and C,. In zone C,,, it can be seen that the curves are 


approximately parallel, Size-frequency measurements indicate that the princi- 


pal pine pollen contributor in the lower part of the core is jack pine, whereas 


white and red pine pollen types dominate in the upper parts of the core. It is 


to be expected that white pine and hemlock would show similar responses to 


changes in climate. 


The increase in hemlock and beech pollen shows that the climate of Cy, 


time must have been warmer than that of C, time, The fact that spruce shows 


a steady increase throughout C,, time may indicate that the climate was cool- 


ing somewhat during this time. If the climate was cooling somewhat during 


C.,, time. but still warmer than C, time, it is reasonable to infer that C, time 


was at least as warm as C,, and probably somewhat warmer, The recurrence 


horizon in C, time indicates dryness, therefore, and it is considered that pollen 


zone C, represents the warm-dry maximum for this deposit. 


The recurrence horizon in C,, represents a brief interval of decreased 


moisture during which bog growth slowed down. It is not easy to determine 


whether the decline in hemlock pollen is due to a drier climate or to a decrease 


in temperature, The fact that spruce reaches a maximum late in C,, time in- 


dicates that regrowth of the bog was due to an increase in moisture caused by 


a lowering of temperature. The decline in beech pollen supports this interpre- 


tation also. 


The sharp increase in hemlock pollen above 235 cm as well as an increase 


in beech pollen and a decline of spruce pollen suggest an increase in both tem- 


perature and precipitation. 


Pollen zone C,,.—The hemlock maximum at 140 em as well as maxima 


in spruce, beech, and sedges represent a climate distinctly moister, and perhaps 
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warmer, than at present. The minimum in ericads also suggests that bog 
growth was unfavorable to overgrowth by heath plants. 

The recurrence surface shown in this zone may be related to a change in 
slope of the bog. At this level (115-150 em) the area of the bog changes sharp- 
ly (fig. 1). The present surface area of the deposit is 621 acres (Leverin and 
Cameron, 1949). At a depth of 115 em it is about 500 acres, and at 150 em it 
is 400 acres. A change in slope at the center of the bog might result in a brief 
period of reduced bog growth (Kulezynski, 1949). For this reason, the recur- 
rence horizon at 140 cm may not have climatic significance. On the other hand, 
the sharp decline in hemlock, and the abundance of sedges and alder as well 
as a rather high amount of spruce may indicate a cooler climate as the cause 
of the regrowth of the peat. 

Although the upper parts of this core undoubtedly record post-colonial 
disturbance, the pollen of agricultural weeds was not recovered in the samples 
analyzed. 

RECURRENCE SURFACES AND CLIMATIC CHANGE 

The development of a recurrence surface in a raised bog may or may not 
have climatic significance. The “Stillstand” condition described by Weber 
(1900) and Granlund (1932) and the “Retardation Layers” described by 
Godwin (1954) illustrate the concept of a limiting height to which a raised 
bog can grow under a given climate. 

Regrowth, or regeneration of the peat bog usually does have climatic 
significance, Peat growth in a raised bog is possible only with an adequate 
supply of moisture. Therefore, the formation of a “regeneration peat” over a 
recurrence surface indicates an increase in moisture. Development of a re- 
generation peat does not indicate whether the increase in moisture is due to 
an increase in precipitation or to a decrease in temperature, Fortunately, pol- 
len and other microfossils preserved in the peat usually permit the investigator 
to determine the cause. 

Recurrence surfaces and sediment stratigraphy.—Recurrence horizons 
may be recognized in sections through raised bogs by inspection in many in- 
stances. The presence of light-colored relatively unhumified peat overlying 
dark-colored, humified peat is good field evidence for a recurrence surface. 
The contact is usually sharp, although as Godwin (1954) points out, it may be 
as subtle as a change in the species of Sphagnum from which the peat is 
formed. In the laboratory there are several techniques by means of which 
changes in the character of the sediments may be recognized. Overbeck (1952) 
described a method based on colorimetric differences of alkali extracts of peat. 
Pollen analytic studies have demonstrated differences in fern and Sphagnum 
spore ratios, ericad pollen, and differential destruction of pollen grains, The 
accumulation of air-borne silt has been characterized microscopically by Iver- 
sen (personal communication ). 

In this study, the optical density of alkali-extracts of the peat (Overbeck, 
1952) was compared with the optical density of sieved fractions of the peat. 
The alkali extracts were prepared by suspending 0.5 ce of peat in 15 ml of 


10 percent potassium hydroxide and heating over a boiling water bath for 15 
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minutes, The sample was centrifuged, the supernatant decanted into a gradu- 
ated cylinder, and distilled water was added to bring the volume to 100 ml. 
The solution was stirred and samples for colorimetric determination were de- 


canted into standard colorimeter tubes. Optical density was determined with a 
Klett-Summerson colorimenter, using a G15 filter, The extinction value of the 
colorimeter is 1000. 

The humified peat of the recurrence surfaces consists of more finely 
divided particles than the less humified peat of the regeneration layers, There- 
fore, the amount of humic material passing through a 150 » screen was con- 
sidered to represent the degree of humification of the peat, 0.5 ce of the peat 
was suspended in 100 ml of water and passed by suction through the screen. 
Samples were decanted into standard colorimeter tubes and turbidimetric 
readings were made with the Klett-Summerson colorimeter, using a G15 filter. 

The results of the two methods are compared in the first two columns of 
table 1. The sediment density shown in the pollen diagram (plate 1) is based 
on the alkali-extract method. 


| 


Optical density of potassium hydroxide extracts (10 percent) and sieved frae- 
tions of sediments from core CAR-1, Caribou Bog, Nova Scotia (Values are 
optical density determined with Klett-Summerson colorimeter, G15 filter). 
Non-pollen microfossils are tabulated as the number per milliliter of wet sedi- 
ment. 


Amphi- 
Density Amphi- trema Nebela 
Depth Sediment Sieve trema wrighti- Arcella Assulina lagen- 
cm KOH fraction flavum anum artocera’ seminulum formis 


245 37.0 


165 39.0 3. 9.0 
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Recurrence surfaces and testaceous rhizopods.—Regeneration layers in 
raised bogs may be characterized by the abundance of sphagnicolous rhizopods. 
The tests of these small protozoans preserve quite well and may be identified 
to species in many cases. The ecology of these organisms is such that they are 
restricted to moist, rapidly growing Sphagnum. The distribution of Amphitre- 
ma flavum and Assulina seminulum is shown in plate 1. It can be seen that 
maxima in the abundance of these rhizopods are definitely associated with the 
regeneration peats shown in the sediment density column. 

The numerical abundance of these rhizopods, and others not included in 
the pollen diagram are shown in table 1, The figures indicate the number of 
specimens per ml of wet sediment. Microphotographs and measurements of 
these organisms are shown in plate 2. 


PLATE 2 


D. 


Photomicrographs of some non-pollen microfossils from Caribou Bog. a. Nebela lagen- 
formis 107 * 69 yw, Amphitrema flavum beneath Nebela; b, Arcella artocera, dorsal view, 
102.4 diameter; Amphitrema flavum, lateral view, 62 21 d. Pediastrum (P. 
horyanum ?) 52.1 e. Assulina seminulum 36 20 pw; Amphitrema wrightianum, 
lateral view, 62 y diam. 
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CORRELATION OF CARIBOU BOG SEQUENCE WITH REGIONAL POLLEN SEQUENCES 

The results of the present investigation agree quite well with Auer’s 
(1930) pollen diagram from the same bog. Auer’s boring apparently reached 
further into the base of the deposit than did the present boring, for Auer’s 
pollen diagram indicates a maximum of birch pollen stratigraphically below the 
spruce maximum shown in plate | of this paper. Both diagrams show a recur- 
rence horizon at 345 em (although not identified by Auer). A further point of 
biogeographic interest may be mentioned here concerning the hemlock curve 
shown in Auer’s paper. Hemlock pollen constitutes 55 percent of the pollen 
sum at 490 em in Auer’s diagram (equivalent to early C, pollen period in this 
paper). A second hemlock maximum (40 percent of the pollen sum at 230 em) 
is shown by Auer and is equivalent to the hemlock maximum in pollen zone 
C.,, of this paper. In this respect, i.e., a bimodal hemlock pollen curve in pollen 
zones C, and C,, the Caribou Bog pollen data resemble Deevey’s (1951) data 
from Maine rather than Livingstone and Livingstone’s 1958) Gillis Lake, Cape 
Breton Island, data. The Gillis Lake diagram shows a hemlock maximum in 
pollen zone C,, with no indication of a bimodal hemlock pollen curve. 

Livingstone and Livingstone also find much more birch in the Gillis Lake 
core than was recovered from the Caribou deposit. The pollen curves for birch 
agree quite well in the two cores (minima in pollen zones C, and Cy, and a 
maximum in zone C,,). Spruce and fir pollen show an approximately similar 
distribution in the Caribou core (CAR-1) and the Gillis Lake core. 

The pollen of oak and poplar was found in greater abundance in the Cari- 
hou core than in the Gillis Lake material. Maxima in oak pollen curves were 
found in pollen zones B and C,, in the Caribou core, whereas the Gillis Lake 
core indicates a maximum of oak pollen in C,. 


In general, the Caribou data seem to resemble more closely Deevey’s 


(1951) data from Aroostook County, Maine than Livingstone and Livingstone’s 
(1958) data from Cape Breton Island. 
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RATE OF CLAY FORMATION AND 
MINERAL ALTERATION IN A 4000-YEAR-OLD 
VOLCANIC ASH SOIL ON ST. VINCENT, B.W.I. 


RICHARD L. HAY 


Department of Geology, University of California, Berkeley 


ABSTRACT. The surface of a large fan of pyroclastic deposits erupted about 4000 years 
ago has weathered to a clayey soil generally 6 feet thick, The weathered deposits were 
originally andesitic ash consisting largely of glass and the minerals anorthite, labradorite, 
hypersthene, augite, and olivine, Fine vitric ash has altered to halloysite-4H2O, allophane, 
and hydrated ferric oxide. The vitrie lapilli have decomposed to halloysite-4H:0. Anorthite 
crystals are etched in the soil and frosted in the underlying ash. Many hypersthene and 
fewer augite and olivine crystals in the soil are etched, Labradorite, hornblende, and 
magnetite are unaltered 

The 4000-year-old soil represents an early stage in the formation of the Yellow Earth 
soils of St. Vincent, which may themselves be classified with the yellow-brown volcanic-ash 
soils of Japan, Halloysite-4H.O has been redeposited in some late Pleistocene ash beds on 
St. Vincent to form dark brown, waxlike braunlehm. Whether or not the yellow-brown 
volcanic ash soils of St. Vincent represent an early stage in the formation of a lateritic red 
soil cannot be demonstrated. 

Clayey soil formed from ash at an average rate of 144-2 f{t/1000 years on St. Vincent, 
and glass decomposed at a rate of about 15 gm/cem?/1000 years, The slight degree to 
which the unstable minerals anorthite, olivine, and the pyroxenes are altered contrasts 
sharply with the decomposition of the glass. Survey of the literature suggests that mineral 
grains have altered more rapidly in some podsols of the temperate regions than in the 
voleanic-ash soils of St. Vincent. This contrast in weathering rate may perhaps be explained 
by the low pH of podsols and chemical effect of the rapidly decomposing glass of the ash 


soils. 


INTRODUCTION 

Accurately dated soils are the necessary basis for determining the rate at 
which minerals are altered and clay is formed by weathering, yet such data 
are rare. The present study describes a soil developed on volcanic ash deposited 
about 4000 years ago. This soil provides a basis for estimating the rate at 
which the andesitic glass decomposed to clay and the anorthite, olivine, and 
pyroxenes were etched by hydrolysis. Early stages in the formation of halloy- 
site-4H.O are exhibited by weathered glass in the soil, Later stages in the 
weathering of similar andesitic ash can be observed in the late Pleistocene 
voleanic-ash soils of St. Vincent. Mineral alterations of the 4000-year-old soil 
are compared with those of other recent soils which can be dated reasonably 
well in order to compare the weathering rates of humid tropic and humid 
temperate climates. 


GEOLOGICAL SETTING 

The island of St. Vincent. which lies within the Windward Islands of the 
british West Indies. is 18 miles long and 11 miles wide. It comprises an active 
volcano, the Soufriére. and the remains of several extinct ones (fig, 1), After 
the Soufriére had reached its present size, intermittent vuleanian eruptions 
showered andesitic ash and lapilli over the island during the late Pleistocene. 


Fig. 1. Map of St. Vincent showing principal geologic features and distribution of 
the 4000-year-old soil. Numbers (1) and (2) indicate localities where profile was sampled 
most extensively. 
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These deposits weathered during accumulation to produce a sequence of soils 
(Hay, 1959a). More recently, the Soufriére has discharged glowing avalanches 
of andesitic composition down the eastern and western sides of the volcano, 
deposited numerous massive ash deposits at its base (Hay, 1959b), The glow- 
ing avalanches of 1902 are the most recent of this eruptive phase. 
Glowing-avalanche deposits, mud flows, and their stream-worked materials 
accumulated at the southeastern foot of the Soufriére to form a fan having a 
surface area of about 5 sq. mi. Charcoal from the deposit overlying the lowest 
of the exposed beds of the fan in the valley of Rabaka River gives an age of 
1090 + 50 years B.p.. determined by Dr, E. S. Deevey of the Yale Geochrono- 
metric Laboratory (1958, personal communication), The base of the fan is not 
exposed here, but the deposit containing the charcoal was emplaced while the 
fan was relatively small. Unburned wood from the mud-flow portion of the up- 
per deposit of the fan gives an age of 3890 + 300 years B.P., according to Dr. 
H. R. Crane of the University of Michigan Memorial-Phoenix Project Labora- 
tory (1958, personal communication), The fan had apparently reached its 
maximum size when the latter deposit was laid down, North of the fan pyro- 
clastic deposits similar and probably equivalent to those of the fan have ex- 
tended the shoreline seaward from wave-cut spurs, The seaward edge of the 
fan has been cut back by the waves, exposing the fan in sea cliffs 75 feet high. 
The coastal strip of ash deposits to the north has been eroded similarly, and its 
present form is that of a terrace. The massive deposits of the fan and terrace, 
including several feet of stratified ash above, have weathered to a clayey, yel- 
lowish-brown soil which is the object of the present report, One or more beds 
of fresh, unweathered ash and lapilli forming the surface layer of the fan were 
deposited by the eruptions of 1902-3 and possibly those of 1812 and 1784. 


POPOGRAPHY, CLIMATE 


AND VEGETATION 


Most of the island of St. Vincent is rugged and mountainous, but the sur- 
face of the fan is rather smooth and slopes 5-6 degrees in a seaward direction. 
The climate is humid and tropical. Temperatures normally range between 68 
and 87° F. and the mean is 80° F. The mean humidity is about 70 percent, 
although it may rise to almost 80 during the summer (Anderson, 1938), An- 
nual rainfall ranges from less than 75 to more than 100 inches (Watson, et al.. 
1958) over the island. The annual average in Georgetown, on the southern 
part of the fan, is 90.3 inches, based upon unpublished records of the Ministry 
of Agriculture in Kingstown, St. Vincent. A rather well-defined dry season ex- 
tends from December to May, while the period from June to January is rela- 
tively rainy (table 1). Most rain falls in heavy showers. 

The fan is largely planted in coconuts and crops such as arrowroot and 
sugar cane; the coastal strip to the north is cultivated similarly. Semi-evergreen 
seasonal forest with undergrowth of vines and brush probably covered the fan 
during most of the 4000-year period of weathering, as this is the natural vege- 
tation elsewhere on St. Vincent under similar climatic conditions (Watson, et 
al., 1958, p. 8-9). 
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in a 4000-Year-Old Volcanic Ash Soil on St. Vincent, B.W.1. 
TaBLe | 
Average Monthly Rainfall for Georgetown, St. Vincent 


[based upon 10 years’ complete records and 3 years’ incomplete records (unpublished) 
taken during the period 1931-1955 by the Ministry of Agriculture, St. Vincent.] 


January 4.03 inches July 9.97 inches 


February 2.95 


March 2.80 inches September 11.82 inches 


inches August 9.23 inches 


April 3.43 inches October 13.56 inches 
May 6.37 inches November 12.46 inches 
June 7.01 inches December 6.67 inches 


Total 90.30 inches 


PROFILE OF WEATHERING 


The complete soil profile over most of the fan and the terrace to the north 
includes half a foot to several feet of fresh ash and lapilli above 4 to 8 feet of 
clayey yellowish-brown volcanic-ash soil grading downward into fresh ash 


(fig. 2). The A horizon is represented by the surface layers of fresh ash, de- 
posited by the eruptions of 1902-3 and possibly those of 1812 and 1784, The 
B horizon is represented by the yellowish-brown soil, and the underlying ash 
can be considered the C horizon. This terminology is not perfectly satisfactory, 
however, for the present A horizon was developed recently, and is not geneti- 
cally related to the yellowish-brown soil. Individual massive ash deposits below 
the yellowish-brown soil range in thickness from 5 to 85 feet, averaging be- 
tween 20 and 40 feet. Although these deposits appear unweathered, the finest 
ash is partly altered to clay, as will be shown subsequently, and many of the 
lapilli are slightly discolored by incipient alteration, Color of the dry soil is 
moderate yellowish-brown (lOYR 5,4 in the Munsell system) or a shade inter- 
mediate between moderate yellowish-brown and dark yellowish-orange (1l0YR 
66). The fresh-appearing ash below the soil ranges from light olive gray 
(SY 6/1) to olive gray (SY 41). 

The yellowish-brown soil, which forms the principal chief object of this 
study, can be subdivided into an upper stratified unit 3-6 feet thick and a 
lower unbedded unit 1-3 feet thick. The lower unit is residual soil developed in 
place over the top of the massive ash deposits forming the fan and the terrace 
to the north, The upper unit is composed of evenly bedded ash layers weathered 
to a clayey soil, Beds of unweathered lapilli and coarse ash several inches thick 
are interbedded with the stratified soil but rarely form more than a tenth of 
this unit. Both upper and lower units of yellowish-brown soil appear weathered 
to the same extent, except for the beds of coarse ash and lapilli. Evidently 
either the processes of weathering altered the ash uniformly to a depth of 4-8 
feet, or else the stratified ash accumulated slowly, and one layer of ash 
weathered before the next layer was deposited. The ash deposited in 1902-3 
does not appear visibly altered. 

The soil profile on the terrace locally differs from that of the fan. Where 
thickest, the upper part of this profile includes several feet of massive, yellow- 
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River 
ish-brown soil containing a mixture of fresh and weathered lapilli, and cross- 
bedded laminae of sand rich in magnetite and pyroxene which may be the 
deposit of sheet or rill-wash. This part of the profile may contain redeposited 
(colluvial) soil and will be excluded from the following discussion, Crude 
potsherds are lo ally common 2-3 feet below the top of the profile, within or 
near the base of the colluvial material. 

The fan and the terrace to the north were formed no more than 4140 years 
and no less than 3590 years ago, judging from the C'™ dates of 4090 + 50 and 


3890 + 300 years B.p. obtained for deposits of the fan. The yellowish-brown 
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soil apparently represents the interval of time between formation of the fan 
. and the present (at least 3590 years and no more than 4140 years) and will 
he referred to as the 4000-year-old soil of St. Vincent. 


TEXTURE OF ASH DEPOSITS 


The massive ash deposits, source of the lower unit of yellowish-brown soil, 
are poorly sorted, unconsolidated mixtures of fine, flourlike, to coarse ash con- 
taining 15 to 30 percent of lapilli, blocks, and bombs. Blocks and bombs form 
as much as 40 or 50 percent of a few deposits, which can be termed breccias. 
Mechanical analysis of the ash fraction of a typical deposit is given in figure 
3. The residual soil developed on the massive deposits contains a higher pro- 
portion of fine material than does the fresher ash below. As an example, par- 
ticles finer than 4 microns form 1-2 percent of the fresh ash and 10 percent of 
the weathered part of the same bed (fig. 3). In another profile through a mas- 
sive ash deposit, particles less than 2 microns in diameter form 4-5 percent 
of the yellowish-brown soil, 2.5 percent of slightly clayey ash near the base of 
the soil, and 0.5-1 percent of the underlying ash, Crystals form a higher pro- 
portion of material in the 1/8-1 mm fraction of weathered ash than of the 
fresh ash, suggesting that much of the vitric ash 1/8 to 1 mm in diameter has 
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Fig. 3. Mechanical analyses of material finer than 4 mm in fresh and weathered 
portions of massive ash deposit roughly 4000 years old exposed near mouth of Rabaka 
River (fig. 1, loc. 1). Dashed line represents a sample of yellowish-brown soil from upper 
4 inches of a l-foot thickness of residual soil, Solid line represents sample of olive gray 
ash 6 feet below yellowish-brown soil. Dotted line is an analysis of the sand fraction of a 
sample from the glowing avalanche deposit discharged into the valley of Rabaka River in 
1902, which is included for comparison. Cumulative percent of vitric ash in the 1902 
deposit is indicated by diagonal shading. Original composition of the 4000-year-old ash 
deposit was similar to that of the 1902 deposit, judging from visual comparison of the 
sieved fractions. Material coarser than 4 mm forms between 15 and 30 percent of the 
samples above and was not included in cumulative curves. Ash 1/16-4 mm in diameter was 
sieved, and the finer material was analyzed with a hydrometer. 
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been reduced in particle size during weathering. Some of the fine material in 
the soil samples may, however. have been produced by comminuting coarse 
particles of decomposed ash in the disaggregation and dispersion of the soil 
for size analysis. 

The beds of weathered ash forming the upper part of the profile vary from 
ash of coarse sand (1-2 mm) and granule (2-4 mm) size lacking a fine matrix 
to poorly sorted materials in which lapilli and coarse ash particles are embed- 
ded in a matrix of clay and medium to fine ash. These poorly-sorted beds are, 
however, somewhat better sorted than the residual soil developed on the mas- 
sive ash deposits below. One sample analyzed contains about 3.5 percent of 
material finer than 2 microns. 

Porosity and permeability are high in the beds of coarse ash lacking a 
fine matrix and in the unconsolidated olive gray ash below the soil. Porosity 
and permeability are fair to moderately good in the soil. The highly permeable 
heds of coarse ash interbedded within clayey, poorly sorted ash contain little if 
any clay washed from higher parts of the profile, suggesting that appreciable 
clay may not have been redeposited downward within the profile. 


ORIGINAL COMPOSITION OF ASH 


The ash deposits weathered to form the 4000-year-old soil were andesitic 
in composition and derived from the fragmentation of porphyritic scoria and 
pumice or equivalent liquid. Crystals form 60-80 percent, by weight, of ash 18 
to 1 mm in diameter and a smaller proportion of both finer and coarser ash. 
Glass forms all of the remainder except for several percent of accessory frag- 
ments of older non-vesicular andesite. The fresh, unweathered glass is slightly 
to moderately microlitic and colorless to pale brown in thin section and has a 
refractive index between 1.535 and 1.550. The erystals include plagioclase, 
pyroxene (both hypersthene and augite). olivine. and magnetite in order of 
decreasing abundance. A few cleavage fragments of green hornblende were 
noted, but no apatite was found. The plagioclase includes both sodic labradorite 
(Anso.co) and anorthite (An, )'. The bulk of plagioclase crystals less than 
half a millimeter across are labradorite. and most of the larger crystals are 
anorthite. Nearly all of the labradorite crystals are subhedral to euhedral and 
thinly coated with glass. but many of the anorthite crystals are cleavage frag- 
ments. Euhedral anorthite crystals are thinly mantled by sodic labradorite. 
Composition of the hypersthene is Eng and that of the olivine is Fo-;;..2. N, 
of the augite is 1.715-1.717. The bulk of pyroxene crystals are euhedral; the 
olivine occurs commonly as euhedral, rounded, or broken crystals, Juvenile 


lapilli consist of andesitic scoria® in most deposits and andesitic pumice in a 


few others. Phenocrysts constitute 25 to 50 percent, by weight, of the lapilli 
and are similar in composition to crystals of the ash. 


MINERALOGIC CHANGES PRODUCED BY WEATHERING 
The fine vitric ash in the soil has weathered to yellowish-brown clay, and 


Composition of plagioclase, hypersthene, and olivine is based upon refractive indices and 
curves of Tréger (1956) 

Vesicular glass having a porosity greater than 65 percent is considered pumice and that 
with less than 65 percent is « onsidered scoria. 
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most coarse particles of vitric ash and have been decomposed to yellowish- 
brown or cream-colored material, soft enough to be crushed between the 
fingers, but preserving the original vesicular texture. Although few scoria 
lapilli are entirely weathered, the margins of most are highly altered. Marginal 
zones of many vesicular lapilli in the olive gray, relatively fresh ash are 
slightly altered. The early stage in alteration of the glass is represented by 
fine, dust-like inclusions, a yellowish-brown color (in transmitted light) and 
a refractive index as much as 0.030 higher than that of the fresh glass. 

Halloysite-4H,O and allophane are the clay minerals formed from the de- 
composing glass. Most scoria and lapilli of vesicular glass have weathered to 
halloysite-4H.O, and the fine ash has altered to a mixture of halloysite-4H,O 
and allophane. The finest, fluorlike ash has altered to halloysite-4H,O and 
allophane in even the fresh-appearing olive gray deposits exposed along Rabaka 
River, as much as 85 feet below the soil. X-ray diffractometer patterns give 
weak but unmistakable spacings of halloysite-4H.O in fractions of the soil 
finer than 5 microns, 2 microns, and 1/2 micron (e.s.d.). The basal spacing of 
untreated samples prepared at room temperature is 9.8A, which expands to 
11.3A with glycerol-solvation and decreases to a broad, poorly defined peak of 
7.4-7.9A in samples heated at 150° C for 2 hours, Differential-thermal curves 
(fig. 4) of decomposed lapilli are similar to those of halloysite-4H.O, and those 
of the clay derived from fine ash are similar to curves produced by mixtures of 
halloysite-4H.O and allophane (Sudo, 1954). The differential-thermal peaks 
of halloysite-4H.O in the soil are much weaker than those of pure halloysite, 
however, and the higher-temperature D.T.A. peaks, at 470-490 and 870° C, 
compare with corresponding peaks at temperatures of 570 and 980° C, respec- 
tively, in a sample of halloysite (A.P.1. #12) from Bedford, Indiana, Both 
irregular, sponge-shaped masses (allophane?) and small rod-shaped crystals 
(halloysite) as vell as larger angular to irregular particles (partly decomposed 
glass?) can be seen in electron micrographs of the fraction finer than 1 micron 
from one sample. Many of the irregular, sponge-shaped masses resemble those 
in the electron micrographs of allophane published by Birrell and Fieldes 
(1952). The yellowish-brown color of the clay is probably produced by hy- 
drated ferric oxide from the decomposing glass. 

Early stages in decomposition of the glass illustrated by this soil do not 
support Kanno’s suggestion (1956) that glass decomposes directly to allophane. 
from which hydrated halloysite later crystallizes. The earliest stages of de- 
composition are exhibited by slightly and moderately decomposed lapilli, in 
which the endothermic D.T.A. peaks (fig. 4, nos. 5 and 6) are properly pro- 
portioned for halloysite-4H,O. Allophane is most abundant in the clay fraction 
of samples from the most highly weathered part of the profile (fig. 4, nos. 1 
and 3). The allophane, may, however, crystallize to halloysite-4H.O, in later 
stages of weathering, for the most highly altered of the late Pleistocene ash de- 
posits of St. Vincent, weathered for several tens of thousands of years, consist 
chiefly of halloysite-4H.O and contain little if any allophane (Hay, 1959a). 

Anorthite crystals in the soil are etched by weathering, but the labradorite 
is not visibly altered. Between 2 and 5 percent has probably been dissolved 
from anorthite crystals a millimeter across in the yellowish-brown soil, estimat- 
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ing from the depth and extent of solution pits. Anorthite crystals in the under- 
lying olive gray ash are faintly frosted. Most hypersthene crystals are slightly 
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etched in about two thirds of the samples of soil which were examined, Etch- 
ing is developed only on terminal faces and fractured surfaces roughly paral- 
lel to them and ranges from faint pitting to fine needle-like points parallel to 
the ¢ axis (Hay, 1959, pl. 2B). Perhaps as much as a hundredth has been dis- 
solved from hypersthene crystals a millimeter long. Terminal and less common- 
ly the prismatic faces of augite crystals are slightly to moderately etched in 
one sample but are not visibly altered in the others. Many olivine crystals are 
faintly frosted to moderately pitted in most samples of the soil. As much as two 
or three percent of olivine may have been etched from some 1 mm crystals, A 
small number of the olivine crystals, both etched and unetched, are coated by a 
reddish-orange to brown iridescent surface tarnish, The latter crystals may 
have been tarnished before they were deposited, for a similar coating can be 
observed in some olivine crystals in samples of fresh ash, Etched olivine 
crystals have the same composition as unetched ones, and tarnished crystals 


the same composition as untarnished ones, Both large and small crystals of the 


same mineral are pitted to similar depths, but of course a larger proportion has 
been etched from the smaller crystals. Both feldspar and ferromagnesian pheno- 
crysts in the decomposed pumice appear unaltered, and ferromagnesian crystals 
in the lower, olive gray part of the massive ash beds are unetched. The etching 
of the minerals described above resulted from hydrolysis rather than simple 
ionic solution. The reaction products—ions and possibly colloidal particles- 
were removed from the altering minerals by water percolating through the 
soil, thus etching the margins of the crystals. 


CLASSIFICATION AND COMPARISON WITH OLDER VOLCANIC-ASH SOILS 
OF ST, VINCENT 


Weathered late Pleistocene ash deposits of andesitic composition (Hay, 
1959a) illustrate further stages in the type of weathering described above, The 
bulk of these beds are yellowish-brown, indurated to friable massive soils and 
paleosols in which the glass is now represented by halloysite-4H.O giving 
stronger and sharper x-ray patterns than that of the 4000-year-old soil, Both 
the exothermic D.T.A. peak and the higher of the two endothermic peaks fall 
hetween those of well-crystallized halloysite and corresponding peaks of the 
younger soil (fig. 4, no. 7). Allophane and gibbsite have not been detected in 


Fig. 4. Differential-thermal curves of voleanic-ash soils of St. Vincent and halloysite 
from Bedford, Indiana, All curves except Bedford halloysite are based on the clay fraction 
finer than 2 microns (e.s.d.), Curve 1 represents yellowish-brown soil developed on a mas- 
sive deposit of the 4000-year-old fan, and curve 2 represents a sample of fresh-appearing 
ash 7 feet below sample 1. Samples 1 and 2 collected from locality 1, fig. 1; mechanical 
analyses of samples are given in fig. 2, Curve 3 represents a sample from the middle of a 
t-foot thickness of yellowish-brown clayey soil (fig. 1, loc. 2), and curve 4 represents a 
sample of unconsolidated, slightly clayey ash three feet below sample 3, Curve 5 repre- 
sents scoria lapilli only slightly altered and includes base line of furnace (dashed line) to 
show relative size of endothermic peaks. Curve 6 represents decomposed pumice lapilli 
from sample of soil whose clay fraction is given by curve 3, Curve 7 represents halloysite - 
tH,O from highly weathered late Pleistocene ash of St. Vincent. Curve 8 represents 
halloysite from Bedford, Indiana (A.P.I. Sample No. 12), Samples suspected of containing 
undecomposed glass (No's. 2, 3, 5 and 6) were not heated beyond 800° C because of the 
danger of fusing in sample-holder, Platium-rhodium thermocouples were used and furnace 
was heated at a rate of 124° C per minute. 
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these soils. Ferric oxide, most or all of which is hydrated, forms 10-15 percent 
of the clay fraction of weathered late Pleistocene ash analyzed by Hardy, et al. 
(1934, p. 12). Halloysite-4H,O has been redeposited in the late Pleistocene 
beds most highly weathered to form dark brown, impermeable, waxy soil hav- 
ing a fabric similar in thin section to the European braunlehm described by 
Kubiéna (1953, p. 266-273). 

Anorthite is largely destroyed in the highly weathered (i.e. eastern- 
coastal) facies of late Pleistocene ash (Hay, 1959a). Most crystals are partly 
or wholly replaced by halloysite-4H.O pseudomorphs, and others are repre- 
sented by small etched remnants of fresh plagioclase within unfilled pseudo- 
morphous cavities retaining the shape of the original crystals, Hypersthene and 
augite have been moderately to extensively etched in this facies of weathered 
ash, Much olivine is partly or wholly replaced by “iddingsite,” but some 
erystals—particularly the more magnesian ones—are etched, Many crystals of 
olivine are represented by etched relicts of fresh olivine inside packets of id- 
dingsite. Much labradorite is slightly to moderately etched or replaced by 
halloysite-4H.O, but some is unaltered. Hornblende and magnetite are un- 
altered in most beds and slightly etched in a few. 

Slightly later stages of weathered ash appear to be illustrated by a paleosol 
several feet thick developed on andesitic tuffs and Breccias underlying the late 
Pleistocene ash deposits of the eastern coast. Halloysite-4H.O is more abun- 
dant than in the overlying ash, and minerals are more highly altered. This soil 
is moderate yellowish-brown to dark brown and friable to indurated. Some 
dried samples of the friable soil rapidly decrepitate when placed in water, The 
fabric generally resembles that of braunlehm. 

The absence of gibbsite in these weathered ash deposits seems surprising 
in view of the humid tropic climate of St. Vincent and the advanced state of 
the weathering. Perhaps the silicic composition of the volcanic glass has de- 
termined the formation of halloysite-4H.O, and the latter is not readily altered 
in the soil environment on St. Vincent. It should be emphasized that the soils 
described above are principally those of the coastal areas; few samples were 
collected from the higher, rainier part of the island. 

The yellowish-brown volcanic-ash soils of St. Vincent have been formerly 
considered Yellow Earth soils (Hardy, et al., 1934 and Watson, et al., 1958). 
hut they may perhaps be appropriately classified with the voleanic-ash soils of 
Japan, recently elevated by Kanno (1956) to the status of a major world soil 
group. The yellowish-brown volcanic-ash soils of St. Vincent closely resemble 
the yellow-brown sub-group of Japanese volcanic ash soils, which, like those of 
St. Vincent, were derived from pyroxene andesite ash (Kanno, 1956), The 
yellowish-brown volcanic-ash soils of St. Vincent were believed by Hardy, et 
al. (1934, p. 11) to represent an early stage in the formation of “lateritic” red 
soil (latosol). Whether or not this is true cannot be demonstrated by the evi- 
dence at hand. 


AMOUNT 


AND RATE OF WEATHERING 


Yellowish-brown clayey soil 4 to 8 feet thick has developed over a period 
3600-4000 years on St. Vincent, indicating an average rate of 114-2 ft 
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1000 years. Dacitic ash weathered on El Salvador, in a periodically dry 
savannah climate, at only a slightly lower rate than on St. Vincent, judging 
from Weyl’s data (1954). Glass is decomposed to halloysite, and hypersthene 
is slightly etched in a soil locally a meter thick (Weyl, 1954, p. 59) developed 
on an ash layer deposited 2993 + 360 years ago (Williams and Meyer-Abich, 
1955, p. 23). Thus, the formation of a soil similar to that of St. Vincent has pro- 
ceeded at an average rate of 1 foot/1000 years. By contrast, no mineral altera- 
tions were detected in soils 205, 566, and 1200 or more years old developed on 
volcanic mud-flow deposits near Mt. Shasta, California, under a humid tem- 
perate climate, and a clouding of glass pellicles enclosing mineral grains is the 
only observed evidence of clay formation (Dickson and Crocker, 1953 and 
1954). 

Where well developed, the 4000-year-old soil on St. Vincent originally 
contained about half a foot of glass, exclusive of pore space, which has de- 
composed to clay.’ Assuming a specific gravity of 2.6 for the glass, then ap- 
proximately 40 gm of glass decomposed per sq cm over a period of roughly 
1000 years, a rate of about 10 gm/em*/1000 years, If the altered very fine ash 
of the massive olive gray deposits is included, the rate is increased to about 
15 gm/cm?/1000 years. Clay formed from the glass does, however, include 
appreciable undecomposed glass as well as allophane and _halloysite-4H,O, 
judging from the small size of diffractometer D.T.A. peaks. 

Hypothetical annual rates of clay formation have been estimated by 
Barshad (1958), assuming various ages of soil formation. These rates are ex- 
pressed in grams of clay formed per year from 100 grams of parent material 
and range from 0.1 mg clay/100 gm parent material/year to 2.0 mg/100 
em/year. The weathering rate on St. Vincent is difficult to estimate in these 
terms, as the degree to which the glass has decomposed to clay over periods 
less than 4000 years is not known. If, however, the time required to decompose 
the glass to clay is assumed to be 4000 years (it may have been less), then the 
rate is 100 gm clay, 100 gm glass 4000 years, or 25 mg/ 100 gm/ year, a rate 
considerably higher than even the highest rate estimated by Barshad. The clay 
formed by weathering of the glass is not wholly allophane and halloysite, hence 
less than 100 grams of clay minerals were formed from 100 grams of glass. 
Assuming arbitrarily that the clay contains 60 percent of undecomposed glass, 
then the rate of clay-mineral formation is no less than 10 mg/100 gm, year. 

The rate of clay formation inferred from the 4000-year-old soil is not the 
maximum attainable by weathering, even on St. Vincent, Andesitic late Pleisto- 
cene ash deposits of varied texture weathered at different rates on St, Vincent. 
Most rapidly weathered were the poorly sorted deposits consisting largely of 
fine vitric ash (the eastern coastal facies of Hay, 1959a), The 4000-year-old 
soil resembles texturally the late Pleistocene ash (western coastal facies) which 
weathered more slowly than the eastern coastal facies. Thus the fine vitric ash 
of the eastern coastal facies of late Pleistocene age probably decomposed to 
clay at a rate appreciably faster than 15 gm/cm*/ 1000 years. 


* Clay is used in a broad sense to include all decomposed vitric material, regardless of 
particle size. 
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The slight degree to which the unstable minerals anorthite, olivine, and 
the pyroxenes are altered in the 4000-year-old soil contrasts sharply with the 
relatively complete decomposition of the glass—a result to be expected from 
the chemical instability and high porosity of the glass. Weyl (1954) noted a 
similar contrast on El Salvador and furthermore stated that minerals in the 
voleanic-ash soils of El Salvador weathered even more slowly than did the 
feldspars and heavy minerals of postglacial weathering profiles in humid tem- 
perate climates. 

Brief survey of the literature does indeed suggest that minerals have 
altered more rapidly in some podsols of the temperate regions than in the 
voleanic-ash soils of El Salvador and St. Vincent, No reference was cited by 
Weyl in support of his statement, which may refer to his earlier studies in 
Germany (1951, 1952). Pyroxene and hornblende are almost wholly destroyed 
in the A horizon of some post-glacial podsols he studied, although they are 
only slightly altered in brown-earth and gley soils of the same age (1951). 
Hornblende and less commonly magnetite are extensively altered in the B 
horizon of some podsol profiles (Matelski and Turk, 1947) developed in an 
area in northern Michigan probably covered by ice 11,000 years ago ( Hough. 
1958, p. 289 and table 22). Much hornblende and less hypersthene have been 
altered in the A horizon of a podsol profile developed on glacial till in eastern 
Quebec (Richard and Chandler, 1943) which may have weathered for 8000 
to 10,000 years. On the other hand, the margins of feldspars and ferromag- 
nesian minerals are only slightly altered in the fine-sand fraction of podsols 
developed on Mankato (late Wisconsin) till in Manitoba, which may be rough- 
ly 13,000 years old (Hough, 1958, table 22). The contrast in weathering rate 
between most analyzed podsols of the temperate climates and the volcanic-ash 
soils of St. Vincent is emphasized by slight degree to which hornblende, mag- 
netite, and most labradorite are altered in late Pleistocene ash deposits which 
probably weathered for several tens of thousands of years. 

The contrast in weathering rate between humid-temperate podsols and 
voleanic-ash soils of St. Vincent and El Salvador can be explained in at least 
two ways. Probably most important is the acidity of podsols, which commonly 
have a pH between 4 and 5 (Jenny, 1941). The pH of most voleanic-ash soils 
on St. Vincent is between 6 and 7 (Watson, et al., 1958). Activity of the hy- 
drogen ion is one of the most important factors in hydrolysis of silicate min- 
erals, for the weathering of a silicate mineral is largely a base-exchange re- 
action in which the hydrogen ion of water replaces a metallic cation of the 
silicate mineral (Frederickson, 1951). The equation for the initial step in 
hydrolysis of anorthite might be indicated as follows: 


2H*+ + CaAl.Si,O, = H,Al,Si.0, + Ca?+ 


Conceivably the rapid decomposition of the glass may also retard the rate at 
which the minerals in volcanic-ash soils are altered. The readily-alterable glass 
may utilize the bulk of excess hydrogen ions in decomposition to halloysite and 
allophane, thus reducing the supply available for hydrolysis of the silicate min- 
erals. Decomposition of the glass also liberates cations into the weathering 


system, which, unless quickly washed out of the soil, will probably retard 
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hydrolysis of the minerals. Addition of caleium ions, for example, should re- 
tard the alteration of anorthite as described in the equation above. The glass 
pellicles enclosing most crystals in the ash deposits probably did not substan- 
tially retard their hydrolysis by physically protecting the crystals against soil 
moisture, As proof of this, the fractured surfaces of crystals are etched to the 
same degree as crystal faces on the same grains which were originally coated 
with glass, 

This discussion should not be interpreted as proving that rocks are de- 
composed more rapidly by podsolization in temperate climates than by weather- 
ing in the humid tropics. Minerals are highly altered chiefly in rather thin 
horizons of the post-glacial profiles mentioned above, whereas on St. Vincent 
the effects of weathering are nearly uniform through a rather thick B horizon. 
As an example, hypersthene is highly altered in an A horizon 5-8 inches thick 
in the Quebec podsol (Richard and Chandler, 1943), and slightly altered 
through a thickness of 4-8 feet on St. Vincent. The volume of hypersthene de- 
stroyed on St. Vincent may equal or even exceed that in the Quebec podsol. 
The Quebec podsol is probably older than the soil of St. Vincent, hence the 
total amount of minerals destroyed per thousand years on St. Vincent prob- 
ably exceeded that in the podsol, even though individual grains were altered 
more rapidly in the latter. 
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THE MOBILITY OF NUEES ARDENTES 
K. C. McTAGGART 


Department of Geology, The University of British Columbia, Vancouver 


ABSTRACT. Nuées ardentes, the hot clouds characteristic of Peléan eruptions, carry and 
deposit tremendous loads of fragmental voleanic rock, Blocks several meters across may 
be carried for 25 kilometers on slopes of about 10 degrees, According to the generally ac- 
cepted gas-emission hypothesis, the blocks of lava are supported by volatiles emitted from 
their bases during their transport, Calculations suggest, however, that the mechanism 
would not be effective, and further, that by this mechanism, large blocks should travel 
farther than small ones, resulting in size-sorting with respect to the source. Such distribu- 
tion has not been reported, Experiments with hot and cold sand suggest that the mobility 
of nuées ardentes is due to extreme internal turbulence cause by envelopment of cold air 
by hot fragmental debris. 


INTRODUCTION 


Nuées ardentes, among the most spectacular of volcanic phenomena, have 
been the subject of study and speculation since the eruptions of Mt. Pelé in the 
Caribbean in 1902 when the town of Ste. Pierre was destroyed with a loss of 
28,000 lives. Since that time, eruptions of Peléan type have been studied in 
many parts of the world, and deposits of nuées ardentes have been reported in 
rocks ranging back into Precambrian times. 

Two of the most striking and puzzling features of nuées ardentes are their 
extreme mobility and their ability to transport large blocks of rock for con- 
siderable distances, and it is largely with these features that this paper is con- 
cerned, 


THE NATURE OF NUEES ARDENTES 

The nuée ardente is typical of the Peléan type of volcanic eruption, It is 
an extremely hot, opaque, billowing cloud that rushes down the slope of the 
voleano at high speed, commonly guided by a valley and expanding to heights 
well over 10,000 feet. It generally transports in its lower part a tremendous 
load of coarse and fine lava fragments and this hot, mobile fragmental mass is 
commonly referred to as a ‘glowing avalanche’. 

Because the clouds are opaque, indeed. commonly of inky blackness, it 
is difficult to be certain of the distribution of various materials within them. 
It seems certain, however, that the great bulk of the fragmental lava is carried 
in a sort of avalanche in the lower part of the cloud, and that the expanding 
upper part is largely a cloud of ash and dust carried by updrafts, This dis- 
tribution is demonstrated by Perret (1937, p. 22. and fig. 7) who shows that 
the main mass of nuées ardentes at Pelé were deflected around an “only slightly 
elevated islet”. Anderson and Flett (1903, p. 452) show that at St. Vincent in 
the Caribbean, as the dense lower part of the avalanche turned almost a right 
angle, following a crooked valley, the overlying cloud continued almost unde- 
flected. They describe (1903, p. 494) a nuée ardente they observed at twilight 
at uncomfortably close quarters at Pelé: 

Then in an instant a red hot avalanche rose from a cleft in the hillside, and 
poured over the mountain slopes right down to the sea ... The main mass of 


the avalanche was a darker red, and its surface was billowy like a cascade... . 
Its similarity to an Alpine snow avalanche was complete in all respects except the 
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temperature of the respective masses. The red glow faded in a minute or two, and 
in its place we now saw, rushing forward over the sea, a great rounded, boiling 
cloud, black and filled with lightnings. It came straight out of the avalanche, of 
which it was clearly only the lighter and cooler surface, and as it advanced, it 
visibly swelled . . . The cloud was black, dense, solid, and opaque . . . covered 
with innumerable minor excrescences, rounded and filled with terrific energy. 
They shot out, swelled, and multiplied till the whole surface seemed boiling . . . 
but they were directed mostly to the front and fewer at the margins. 


In a transverse section through the dense avalanche part of the nuée, the 
width is probably that of the containing valley. The nature of the longitudinal 
section of the dense part of the cloud is not well known. It may be long, like a 
lava flow, or relatively short, like many avalanches. Perret (1937, p. 62) states 
that the lower, dense part of the nuée in which he was nearly trapped was 


a train of ash and lava blocks not more than five meters in width or height .. . 
moving swiftly and silently throughout a course of three kilometers, During the 
whole time of its passage (30 minutes) there was a condition of silence. 


This account suggests that if the speed of the nuée were 10 meters per second, 
a low estimate, the flowing mass extended continuously from its source to its 
place of deposition during most of this eruption. Perret’s ability, under the 
circumstances, to observe the time of flow is perhaps to be questioned. Lacroix 
(1904, p. 370) has stated that many of the nuées of the 1902 eruptions were 
derived by fragmentation of the dome and it is perhaps easier to visualize 
a compact avalanche rather than a protracted continuous flow of material under 
these circumstances. Anderson and Flett (see above) remark on the resem- 
blance to a snow avalanche. 

The materials of the nuées ardentes of the 1902 eruptions at Pelé were 
hypersthene bandaite (labradorite dacite) (MacGregor, 1938, p. 72), and at 
Hibok Hibok, in the Philippines, dacite (Macdonald and Alcaraz, 1956, p. 
175). The prehistoric nuée deposits at Montserrat in the Caribbean are labra- 
dorite dacite (MacGregor, 1938, p. 70), at Aso, Japan, andesitic (Williams, 
1941, p. 280), at Crater Lake, hypersthene-augite dacite (Williams, 1942, p. 
145), at Garibaldi, dacite (Mathews, 1952), and those of the California Bishop 
formation, rhyolite (Gilbert, 1938). Thus the composition of the materials of 
nuées ardentes ranges from nearly basic to acid. 

Estimates of the temperatures of nuées ardentes range from 700° C. for 
Hibok Hibok, “not very much higher than 750° C” for the Bishop tuff (Gilbert, 
1938, p. 1856) to 1150° C. for Pelé, (Lacroix, 1904, p. 214), the last being 
almost certainly excessive. 

The nuées ardentes travel with tremendous velocities and Perret (1937, 
p. 43) states 


What might be called the normal nuée ardente . . . advanced with a velocity of 
something less than one kilometer per minute, and many were much slower at 


certain parts of their course; others reached the sea, five kilometers from the 
source, in two and a half minutes 


his last is equivalent to about 70 miles an hour. According to Lacroix (1904, 
p. 203), several nuées at Pelé reached a velocity of 50 meters per second (113 
M.P.H.). It has been observed that the steeper the slope the higher the velocity. 
Where sufficient momentum is obtained, nuées may travel across flat country 
and, according to Williams (1942, p. 79). nuées “after reaching the foot of Mt. 
Mazama continued across the flats for more than 10 miles”. 
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The average slope from Pelé westward to the sea is 12° to 15° and that 
at Hibok Hibok, along the nuée track of Dec. 6, 1951, is near 10°. 

Distances of travel of the dense lower part of the nuées are, for Pelé, com- 
monly some 5 kilometers, at Hibok Hibok, some 8 kilometers, and at Mt. 
Mazama, up to 35 miles, and here lumps of pumice 6 feet across were carried 
20 miles. 

A feature of the motion of nuées ardentes that recurs in their descriptions 
is a rolling motion. Lacroix (1904, p. 350-351) may be translated thus: 

The external part of the cloud in the course of expansion constitutes for the hot- 


ter central parts a sheath which by cooling and by friction against the cold air 
takes the form of volutions, one rolling over the other. 


and his footnote 
In the low anterior part of the cloud these volutions roll one over the other in 
the direction of translation. 
Anderson and Filett also call attention to this peculiar motion (see quotation 
p. 369-370). Perret states (1937, p. 96) : 
The more active nuées roll, rather than slide over the surface, depositing a thick 
layer of ash along their entire course .. . 
Again, (p. 42): 
These convolutions grow out of a flowing mass of incandescent material, advanc- 
ing with an indescribably curious rolling and puffing movement which at the im- 
mediate front takes the form of forward-springing jets, suggesting charging lions. 
Perret (1937, p. 96) points out that: 
. in the later part of travel of a nuée ardente the larger heavier blocks, less 
buoyantly carried, press down and slide on the ground, leaving, even in the upper 
reaches of the mountain, a furrow instead of a deposit. There is a gouging process 
which leaves a trough with a cross-section similar to a double U, with a central 
ridge like the medial moraine of a glacier. 
The nuée drops its load continuously along its course, the deposits becom- 
ing thinner towards the end of the path. Material is laid down in large quantity 
over the whole length of the track except possibly in the immediate vicinity of 
the volcano and the volume of the avalanche thus diminishes continuously as 
it advances. At night, the fresh deposits are seen as an incandescent red track 
on the slope of the mountain. 
According to Lacroix (1904, p. 206) the deposits are not size-sorted ac- 
cording to distance from the vent, but blocks of several hundred cubic meters 
travel 6 kilometers from the point of departure, mixed with fine cinders. 
Williams (1942, p. 82), states that 
The deposits of the glowing avalanches show a chaotic mixture of ill-assorted 
fragments . . . Nor is there any regular variation in coarseness as the flows are 
followed away from their source. In fact, the size of the pumice lumps bears no 
relation to distance from the vent, and the largest, up to 14 feet in diameter, oc- 
cur 20 miles away. 

The two clauses of the last sentence seem to contradict each other. He continues: 


Lumps more than one foot across are plentiful throughout and, in general, they 
are somewhat more rounded at the distal ends of the flows, owing, no doubt, to 
longer abrasion. 


Macdonald and Alcaraz (1956, p. 175) state that the Hibok Hibok deposits 
. in the upper part of the valley are unstratified, and consist of a heterogeneous 
assemblage of fragments of pumice grading into sand-size ash, containing bread 
crust bombs and angular fragments of glassy banded dacite. The latter closely 
resemble the rock of the dome, and undoubtedly were derived from it. As far 
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down stream as the road near Baylao (some 7 kilometers from the dome), blocks 

of dacite 5 meters across are fairly common, and some are as much as 10 meters 

across. 
According to Mathews (1958, p. 131) 


The tuff-breccias of Mount Garibaldi . . . consist of an almost completely unsorted 
assemblage of banded gray to reddish dacite from dust size to blocks 55 feet , 
across, 


GAS-EMISSION HYPOTHESIS 

Vuées ardentes have much in common with mud flows and submarine 
turbidity currents (Pettijohn, 1954, p. 364). In each, solid material is sur- 
rounded by a fluid, gas or water, the flow or current is accelerated by gravity, 
hugs a floor, may be guided by a valley, and, in places, it may be split or 
deflected by obstructing hills. In mud flows and turbidity currents, particles of 
sand size and larger would settle out quickly and undergo little transport if it 
were not for turbulence set up and maintained by downhill motion of the whole 
mass, Turbulence keeps the whole in suspension, maintains a high average 
specific gravity for the flow, and in the case of a mud flow makes possible the 
transport of large blocks and boulders. Presumably the largest blocks do not 
circulate within the flow as does the finer material. Their effective weight is 
probably so reduced by immersion in the dense turbulent mixture that they 
advance by long and irregular rolling bounds. 

Experience shows that a mixture of silt, sand, and gravel dumped in air 
on a moderate slope, does not flow as does a mud flow or a nuée ardente, Some 
special mechanism must be called upon to maintain a dense rock-gas mixture 
and to buoy up large blocks. 

Anderson and Flett (1903, p. 507), writing of the great Peléan eruption 
on St. Vincent, consider whether 

. when the cloud emerges, it may not be partly at least composed of molten 
droplets, which, when they cool and pass into the solid condition as the cloud 
rolls on, give out gases which, till then, had been physically occluded or absorbed 
in the liquid . . . As this turbulent mixture of expanding gases and fine dust 


pours down the surface of the mountain, the small solid grains are unable, at 
first, to rest on the ground... 


This was, apparently, the first statement of the gas-emission hypothesis 
according to which particles may be supported above ground and kept sepa- 
rated from one another largely by gases emitted from the particles themselves. 
Lacroix (1904, p. 353) points out that in many of the nuées he studied at Pele, 
the lava particles left the dome in the solid state, so that the solidification men- 
tioned by Anderson and Flett cannot have been a source of new gas supplies. 
Perret adopted and expanded the gas-emission hypothesis, stating, for example, 
(1937, p. 84): 

The mobility is due to an immediate subdivision of the lava into discrete particles 


and the envelopment of the particles in a highly compressed gaseous atmosphere, 
due largely to continuous vapor emission by the particles themselves. 


Williams (1942), Fenner (1950, p. 721), MacGregor (1952) and 
Macdonald and Alcaraz (1956) accept the gas-emission hypothesis. MacGregor 
adds the interesting idea that the vesicles of solidified domical lava may become 


charged with gas which may later be given off during travel, so that old as 
well as new lava may be gas-emitting in nuées ardentes. 
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Reynolds (1954) has suggested that the mobility of nuées ardentes is due 
to their being fluidized. She points out that gases rising through a bed of sand 
at first agitate the grains, with increasing flow convert the bed to a mass of 
floating discrete grains, and with still greater flow, entrain the particles and 
carry them along. This mechanism is highly effective, for example, in trans- 
porting industrial materials in a pipe, but it would appear that in the case of a 
nuée ardente, the gases would quickly escape and the fluidizing effect be quick- 


ly lost. If some means of maintaining or renewing the gas content, were avail- 


able, such as gas emission by the particles, fluidization would be quite effective, 
and indeed, fluidization in this particular connection is essentially the process 
described by the proponents of the gas-emission hypothesis. 

The gas-emission hypothesis may be tested quantitatively, Rate of escape 
from a container of an incompressible fluid of density d at pressure P, through 
an orifice of area A to the atmosphere at pressure P,, may be calculated from 
the following equation (see, for example, Binder, 1949, p. 218) : 


P,-P, 


>" (1) 


K is an orifice constant that depends on the characteristics of the opening 
and degree of turbulence. For compressible fluids, a more complicated formula 
gives a more accurate result, but in the range over which calculations will be 
made, the difference is only about 3%, and for ease of calculation, the simple 
formula is used here. 

Consider a block of the shape of a thick disc, radius r, emitting gas on all 
surfaces and supported height h above the floor by the pressure of the gas 
emitted through the base of the disc. Equation (1) may be applied, the con- 
tainer being the volume under the disc. P, is the pressure under the block 
which is equal to the weight of the block per unit area plus 1 atmosphere, P. 
is 1 atmosphere, A the area of the annular opening around the base, Q is then 
the rate, say in grams per second, at which gas is emitted from the base and is 
given in terms of a number multiplied by K, the orifice constant. 

The constant K may be evaluated by experiment. Air from a large receiver 
and compressor unit was passed through a large capacity gas meter, calibrated 
for air, into a drum (fig. 1) whose lid was fitted with interchangeable circular 
openings, on which discs of plywood of various weights and sizes were sup- 
ported by the escaping air. The openings were fitted with screens flush with 
the surface so that the air would be subject to friction at both surfaces as it 
escaped from beneath the disc. In each experiment, the disc and hole were of 
the same diameter. (P,-P.) was calculated from the weight and area of the 
disc, h measured, A determined, d calculated, Q read from the meter, and K 
calculated. K ranged from 0.65 to 0.79, and the average of five experiments 
under different conditions is 0.72. In the calculations to follow, K is taken as 
0.7. 


Q K Ad 


It is posible then, to calculate Q, the flow from the base of a floating disc. 
In the case of the block emitting gas, the gas will escape from all surfaces, and 
the total rate of escape is easily calculated. 
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Fig. 1. Apparatus for measuring K 
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the orifice constant. 


If then a certain dise of rock is assumed to be supported in the manner 
described and to contain a certain proportion by weight of volatiles (taken 
here to have the properties of steam), then assuming all of the volatiles issuing 
through the base are used in supporting the block, one can calculate the rate of 
flow. It is then possible to work out the time interval during which the block 
will be supported, and thus, accepting a certain velocity of translation of the 
block, the distance the block will travel. Complicating factors include the 
marked buoyant effect of the dense part of the cloud, and the minor effect of 
travel on a sloping surface. A sample calculation follows: 

A thick, block-like disc, figure 2, radius 10 cm, depth y, 20 cm, density 
2.5, floats 1] em (h) above a sloping smooth surface, in a dense cloud 10 meters 
deep, cloud density 2.0 (i.e. 80 percent rock and 20 percent gas), temperature 
700°C, steam emitted, and all that is passed through the base effective in sup- 


porting the block. [ at. 1035 gms/em*. 
P, = 2.5(20) cos 10 — 2(20)cos 10 + P. 
P. = 1035 + (2)1000cos 10 
(0.5)20 cos 10 = 9.85 gms/cm? 


Gas densities are calculated using the perfect gas law, since at high tempera- 


tures and moderate pressures steam behaves as a perfect gas (Kennedy, 1957, 
fig. 1, p. 726). d is the average of the densities at P, and P. which is 6.46 X 
10-* gm/cm*. 
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[2(980) 9.85 
6.46 X 10-4 


Q = 0.7 (207) 6.46 X 10-4 


= 155 gms/sec 


Total surface of the block is 1,885 cm? 


Total flow— total area X Q = 930 gms/sec. 


base area 


Assuming 5 percent of the block by weight is volatiles, or 785 gms., 
Time of support = 0.84 seconds 
Using the reasoning outlined above, the time of support may be expressed 
by the following equation: 
Time = = (% of volatiles) (density of rock) r?y 


400 K (r-+y)h V 2g (y) (d) (Ap) cos 6 (2) 


where Ap is the difference between the densities of the cloud and the rock and 
6 is the slope angle. 

Figures 3 and 4, based on densities of rock and cloud, depth of cloud, 
slope and temperature used in the example above, show the effects on time of 
travel of size of disc (of constant proportions), amount of volatiles, and dis- 
tance (h) of disc above the floor, It is readily seen that the larger the disc, the 
longer the time of travel. The effect is striking if the height h is kept constant 
(fig. 3), but is somewhat less so if h is taken as a constant proportion of y 
(fig. 4). The time of travel varies directly with the proportion of volatiles, and 
inversely with the distance off the floor. The rock density does not have a great 
effect on the time of travel. If pumice (say density = 1) is the material rather 
than rock of density 2.5, the time diminishes from .84 seconds to .69 seconds. 
The height of the dense part of the cloud enters into the calculation only in the 
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Fig. 3. Chart showing time of support by gas-emission for different sized discs of 
varying volatile content, dises 5 cm. above floor. Radius of disc (r) = depth of dise (y). 


working out of gas densities. The density of the cloud is of some importance, 
and if, in the example taken. the density of the lower part of the cloud is taken 
as 2.25 (90 percent rock, 10 percent gas), the time of support increases from 
0.84 seconds to 1.2 seconds. Thin dises will be supported longer than thick 
ones. For example, if instead of the rather thick dise of the calculation above, 
where 2r y. a thinner disc of the same volume but r y were used, the 
time of support increases from .84 to 1.26 seconds and where r 100 y, for 
the same volume, the time increases to 2.18 seconds. 

If the data of figures 3 and 4 are applied to blocks carried by nuées 
ardentes, the length of time during which they are supported must be reduced. 
Firstly, the assumption that all of the volatiles emitted from the lower surface 
will be effective in supporting the block is unreasonable. It is probable that the 
rate of emission would be high at first and gradually decline—thus much of 
the first part of the emission would be wastefully expended and the later emis- 
sions not rapid enough to support the block, For this reason the calculated 
time should perhaps be cut about in half. Secondly, the assumption that the 
blocks are dises and have flat bottoms is unreasonable, for natural blocks tend 


to have convex surfaces. Such convex surfaces result in easy escape of gas from 
beneath the block and decreased efficiency. Rough surfaces on either disc or 
floor would probably increase lateral friction and increase the efficiency of the 
mechanism. 
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Fig. 4. Chart showing time of support by gas emission for different sized discs of 


varying volatile content, height above floor = 0 radius of disc. Radius of disc (r) = 


depth of dise (y). 


Consider a block such as that described by Macdonald and Alcaraz (1956, 
p. 175) 10 by 8 by 5 meters, deposited by a nuée some 2.5 kilometers from the 
source at the dome of the volcano, Assuming the block to approximate a disc, 
r = 5 meters, thickness (y) = 5 meters, h = 50 cm above the ground, 5 per- 
cent of volatiles, cloud 10 meters deep, density 2.0, slope 10°, by equation (2) 
or figure 4, the time of travel is 6.2 seconds. Holding the block only 25 cm 
above the ground, perhaps unreasonably close for such a large block, increases 
the time to 12.4 seconds, Taking into account the inefficiency of the process, 
and the probably somewhat convex lower surface of the block, it would seem 
reasonable to reduce the time considerably. However, allowing 12.4 seconds 
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time of travel, the velocity is 200 meters/sec, (447 MPH.), which is much 
higher than any velocity ever recorded, If the time is reduced to 5 seconds, the 
velocity becomes 500 meters/sec, (1,120 MPH.). 

Che calculations throw considerable doubt on the gas-emission hypothesis 
on two grounds, First, it appears that the particles of a nuée ardente do not 
carry enough volatiles to support them during a journey of reasonable length. 
Secondly, and perhaps more convincing, is that, neglecting attrition en route, 
there should be a regular distribution with respect to the volcano, in which the 
largest blocks are more distant from the source, excluding here from considera- 
tion sandy and finer material which may be carried along as is material in a 
dust storm. The required sort of distribution has not been reported, although 
Williams hints at such a distribution. 

Other difficulties with the hypothesis may be pointed out. Kennedy’s 
curves (1954, p. 493) suggest thet magma working slowly to the surface ar- 
rives there containing little volatile material in solution, certainly far less than 
5 percent. Further, much of the material of many Peléan nués was already 
solidified before it left the dome, and much of it was nonvesicular and largely 
crystalline. It is hard to imagine such material to be strongly gas emitting. 
Lacroix (1904, p. 371) states that stony fragments travel farther than pumice 
and that this difference is probably due to the lightness of the pumice frag- 
ments which are more affected by air resistance. By the gas-enussion hypothe- 
sis, pumice (disregarding the very small effect noted above, p. 375) would be 
expected to travel far:her since it was presumably largely liquid lava when it 
left the voleano and would contain more volatiles than partly or completely 
crystalline material. Similarly, pumice rigid enough to be abraded, as much of 
the material of the nuées of Mt. Mazama is said to be, would not be strongly 
vas emitting. Further objection to the hypothesis is seen in accounts of hot 
avalanches at Vesuvius (Perret, 1924, p. 89) and at Pelé (Lacroix, 1904, p. 
354) of material that could hardly be gas emitting, and yet they show many 
of the features of nuées ardentes. 


ELECTRICAL EFFECTS 

Lightning discharges within the clouds are a common feature of nuées 
ardentes. These are described by many witnesses of the Pelé and St. Vincent 
disasters and are well known in connection with voleanic eruptions in general. 
So outstanding were they in the Caribbean eruptions that many fatalities and 
fires were at first ascribed to them. 

Charges of static electricity may be produced in many ways (Perret, 
1924, p. 92; Beach, 1945). Fluid may become charged as gases bubble through 
it or as it breaks into droplets; objects played upon by a steam jet may become 
strongly electrified; dust blown about by compressed air may become highly 
charged; fine sand may become electrostatically charged as it slides down an 
inclined surface. Any of these mechanisms may be effective in developing 
electrical charges in clouds of volcanic origin. 

Perret (1937, p. 99) ascribes much of the “self cohesive” property of 
nuées to electrical effects. He suggests that, as a result of friction, vapor and 
ash in the hot cloud become oppositely charged, and strongly attracted one to 
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the other, so that the cloud remains tightly compact rather than dispersing. 
This argument is applied particularly to the upper, less dense part of the cloud. 

Possibly more important is the effect of rock particles of like electrostatic 
charge repelling one another. Perret (1924, p. 51) has described a volcanic 
cloud within which all electrical discharges had ceased but which was still 
strongly electrified. Within such a cloud, perhaps, mutual repulsion would have 
a dispersing effect, maintaining the gas-ash suspension much as colloidal ma- 


terial remains in suspension in water, It seems not impossible that electrostatic 
repulsion may play a minor role in reducing friction and increasing the mo- 
hility of the lower dense part of a nuée ardente. 

EFFECT OF TEMPERATURE 

Composition of the materials of nuées ardentes ranges from nearly basic 
to acid, state of crystallization, from ‘glassy to completely crystalline, texture, 
from dense to pumiceous, derivation, from new lava to fragments of a long 
established volcanic dome, and volatile content, presumably from high to low. 
The most striking property common to all nuées is high temperature. Does 
temperature by itself somehow impart mobility to avalanching clastic material ? 
Experiments suggest that it does. 

The object of the writer’s experiments was to compare the mobility of hot 
and cold clastic material. A 5-foot trough, lined with asbestos board, was sup- 
ported so that it could be set at various slopes, A 4-foot horizontal metal trough 
was placed at the lower end of the asbestos trough. Various materials were 
heated in crucibles in a thermostatically controlled furnace, dumped at the top 
of the asbestos trough, and allowed to travel down it and along the horizontal 
trough. Temperatures of the crucibles and contents ranged from about 750°C 
to 20°C. The distance of travel along the horizontal trough was taken as an 
index of mobility for the material, Full scale plans and profiles of the resulting 
deposits were drawn on sheets of paper placed beside the trough, Andesite, 
crushed and screened to -48 + 65 mesh was used in many of the experiments 
and this material was found to be much more mobile at temperatures near 
750° than at 20° (fig. 5). The experiment was repeated many times at both 
high and low temperatures, and the results are reproducible. 

There was no emission of volatiles by the material of these experiments. 
The same sample was tested many times under alternating hot and cold con- 
ditions and the results are as shown. To test the possibility of increased friction 
due to adsorbed water on the sand grains, samples were maintained at 750°C. 
and then gradually cooled in the furnace to 300°, samples of the andesite be- 
ing tested at intervals during this cooling. The material showed decreasing 
mobility with decreasing temperature, which, under the circumstances, could 
hardly by due to adsorbed water, Gould’s (1951, p. 652) experiments suggest 
that, other things being equal, the coefficient of friction increases with tempera- 
ture, To test the possibility of reduced intergranular friction by electrostatic 
repulsion developed during travel down the trough, a large biscuit tin (about 
21 by 23 by 24 cm) was substituted for the horizontal trough, This tin, placed 
on its side and insulated from the floor, was connected to an electrostatic volt- 
meter. The crushed and screened andesite at about 750°C developed about 180 


# 
i 
“ag 


K. C. McTaggart 


SURFACE OF TROUGH 


NS 


Cenrtimetres 


7=2700°C 
Fig. 5. Profiles of sand deposits showing their increased mobility at high tempera- 
tures, 
a, b and « slope 32% degrees 
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volts during its travel down the trough. At successively lower temperatures 
larger voltages were recorded, reaching a maximum of 600 volts, and at still 
lower temperatures, the voltage decreased progressively and when cold, was 
only about 150. Taking the maximum voltage, 600, and from it and the capa- 
city of the biscuit tin (about 40 micromicrofarads) calculating the charge, and 
distributing this among the grains in the sample, one may show that the re- 
pulsive force between grains just separated to be some 1/10° of the weight of 
a grain and thus to be negligible in this connection. 

The writer suggests that the miniature hot avalanches of the experiment 
enveloped cold air as they travelled the trough, the cool air expanding violent- 
ly, stirring up, making turbulent, and reducing friction in the air-rock mixture, 
and that this enveloping process continued as long as the temperature remained 
high and the avalanche moved forward fast enough to envelope rather than 
simply displace cool air. 

\ PREFERRED HYPOTHESIS 


Evidence has been presented to suggest that the gas-emission mechanism 
does not satisfactorily account for the mobility of nuées ardentes or for their 
ability to carry large blocks for many miles. On the other hand, the experi- 
ments with hot sand suggest a possible answer to the problem. 

It is believed that the dense lower part of a nuée is a relatively compact 
mass in downslope section, and that this hot, ever-diminishing avalanche en- 
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gulfs, rolls over, draws in, and momentarily entraps cool air, In this way the 
front part of the mass is constantly fluidized by fresh supplies of air that on 
heating, expand progressively and explosively as they rise through the 
avalanche. Within the rolling mass, blocks are carried along as they are in a 
mud-flow, buoyed up in a dense turbulent mixture of rock particles and ex- 
panding air. The rear part, less effectively fluidized, deposits a layer of hot 
clastic material along the track of the nuée. Observers have described the strik- 
ing rolling motion in the direction of movement at the front of a nuée, the 
forward springing jets, and the revitalization of nuées as they drop over cliffs. 
All of these features may be explained by entrapment of air. Where the ava- 
lanche within a nuée has a convex front, marginal material will be thrown to- 
ward the medial part of the track, thus producing shallow marginal troughs 
and a medial “moraine” along the avalanche track, as described by Perret. 
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REVIEWS 


Great Experiments in Physics; edited by Morris H. Suamos, P. viii + 
370. New York, 1959 (Henry Holt and Company, $6.50).—This book was 
developed mainly for use by liberal arts students in a new laboratory physics 
course at Washington Square College designed on the “great experiments” 
idea. Such bridgings of the gap between the arts and the sciences have now 
become fairly common on campuses, and clearly they will continue to increase 
in an age when those being educated humanistically will nevertheless live in a 
scientific world and must needs be exposed to science in some fashion, Straight 
science courses, with or without pretensions to historical background, consti- 
tute one of the methods used for this process, Within this method are two 
alternatives; either one teaches the science itself, through all its logical (and 
perhaps also its historical) stages, doing the job properly so that a full profes- 
sional training results, or one tries to talk about science, giving as little of the 
technical material as one can and as big a range of the types of argument and 
subject matter involved. In many ways this latter alternative is the more at- 
tractive, since it is specially designed with the needs of the person in mind who 
wishes to know as much as possible about science without the necessary chores 
of becoming one of its practitioners. We do not doubt that Mr. Shamos is an 
inspired tea. her of a very successful course, but may reasonably wonder how 
he manages to lead the non-physicist through the quite complicated mathemati- 
cal argun.ents in many of the more modern parts of physics contained in this 
volume. If he really can do it, and uses this book in the process, it is indeed, 
as the jacket avows, “a landmark in science publishing”. If, on the other hand, 
this is no more than another source book, it does littke more than the well 
known publication of W. F. Magie, albeit with a different and somewhat slim- 
mer selection. On the whole, the selection of modern papers seems very credit- 
ably done and most useful to have available in such a convenient and well 
annotated form. Admitting then the very welcome material edited here, and 
the explanatory notes arranged like medieval marginal scholia, one must turn 
to the introduction which discusses in a dozen pages the historical background 
of science from the Presocratics to the Renaissance. This is such an abominable 
piece of historical writing that one could wish that the author had taken his 
own reading list to heart and given us any sort of summary of the analysis of 
almost any of the standard texts written by professional historians of science. 
Instead we get the worst sort of writing of a scientist who looks with hindsight 
at the past of his subject and seems imbued with nineteenth century textbook 
notions of how science ought to have worked. Anyone who says that “Aristotle 
. . . held the most naive and confused views regarding the nature of the his- 
torical world” lacks all historical sensitivity. In short, this may be a very good 
and useful book for the teaching of physics, but it fails to make contact with 
those trying to bridge the gap from the opposite side, that of the humanities. 
All the material covered up to about 1800 is already better treated by avail- 


able histories of science which are reasonably sound both scientifically and 
humanistically. For nineteenth and twentieth century physics this remains an 
excellent selection, useful as a source book and unobjectionable in such recent 


history. This, | imagine, was the best part of Mr. Shamos’ course, and it is 
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needed so badly and so seldom done well that it must be given every en- 
couragement, DEREK J, DE SOLLA PRICE 


Personal Knowledge; by Micnatr Po.anyi. P. xiv + 428. Chicago, 1959 
(University of Chicago Press, $6.75). —This book is written by a distinguished 
scholar who is equally competent in physical science, where his original con- 
tributions are well remembered, in social science and in philosophy. It presents 
fervent testimony for the thesis that science is more than a catalog of facts dis- 
covered by routine procedures, that science involves personal commitments at 
least as strong as the cogency of impersonal discoveries. Aside from developing 
this central claim the book contains a unique assortment of striking insights, 
baffling arguments, appropriate and appealing quotations from the literature 
which only a rich and creative life, delicate discernment, unceasing industry 
and care can assemble. Attention is given to matters as diverse as logic, the 
modern problems of probability theory, the development of language, crucial 
researches of contemporary psychology, evolution and the validity of religion. 
In all these, the author has something interesting, and often something truly 
memorable to say. 

The theme, personal knowledge, does not unfold itself with increasing 
clarity and cogency as the reader proceeds; rather, it is exhibited as present 
and valid in a large variety of contexts; its force grows by accretion of evi- 
dence, not by the mounting of a principle forcing conviction. Hence the effect 
of the book is somewhat ecclectic, leaving the reader baffled by its eloquence 
and its massive embrace, but logically a little uncertain. I am sure this effect is 
intended, for the author displays, through his examples and his references, a 
discreet but discernible allegiance to the analytic philosophy which largely 
surrounds him in Great Britain, Hence, although his book is profound enough 
and makes in fact a fundamental claim, its writing disclaims all tendencies to 
propound a “system”. 

Were I to criticize this unusually excellent contribution, | would raise a 
question such as this, Let us agree that the knowledge achieved by man through 
his science and all his other creative concerns is indeed prsonal knowledge. 
What is this knowledge about? Here, it seems to me, Polanyi’s compendium 


reveals a blind spot. This very basic question is never answered, The phrase 
“contact with reality” occurs throughout the work, Reality itself, however, is 
never carefully defined. It is said to be present, or touched, in the purely formal 


as well as in the empirical sciences; yet what it is, and what its relation to 
human knowledge however personal is, remains a mystery. Nonetheless, the 
book makes perfect sense with this mystery intact. 

HENRY MARGENAU 
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